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ABSTRACT 

Turner,  Alan  Keith  Finlay.  Ph.D.,  Purdue  University,  January  I969. 
Computer-Assisted  Procedures  to  Generate  and  Evaluate  Regional  Highway 
Alternatives .  Major  Professors:  Robert  D.  Miles  and  W.  N.  Melhorn. 

Present  highway  location  analysis  procedures  concentrate  on  the 
geometric  and  economic  aspects  of  only  a  few  alternatives.  This  study  is 
concerned  with  the  definition  and  development  of  improved  procedures  to 
assist  the  design  engineer  in  rapidly  generating  and  objectively  assess- 
ing a  larger  number  of  alternatives.  New  procedures  are  especially 
needed  during  the  early  steps  of  the  planning  hierarchy  when  regional 
studies  are  undertaken  and  generalized  alternatives  defined. 

The  principal  aims  of  the  study  were  therefore  to  investigate  and 
evaluate  numerical  surface  analysis  procedures  and  to  apply  them,  in  con- 
junction with  minimum  path  analysis  procedures,  to  the  analysis  of  alter- 
native regional  highway  locations.  These  aims  were  achieved  by  designing 
and  testing  a  prototype  Generalized  Computer-Aided  Route  Selection  (GCARS) 
System. 

The  GCARS  System  processes  suitable  measures  of  each  highway  location 
factor  selected  by  the  design  engineer  to  produce  value  surfaces  which  are 
later  converted  to  utility  surfaces.  Utility  surfaces  may  be  combined  in 
various  proportions  to  produce  multiple  factor  utility  surfaces.  Utility 
networks  are  constructed  on  these  surfaces.  Repeated  minimum  path  anal- 
ysis of  these  networks  generates  a  series  of  alternative  locations  between 
any  origin  and  destination,  in  terms  of  the  selected  factors  alone  or  in 
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combination.  Evaluation  of  these  alternatives  with  respect  to  the  first 
choice  alternative  determines  the  sensitivity  of  the  alternatives  to  the 
various  factors  and  combinations. 

The  GCARS  System  was  applied  to  two  test  areas  within  the  State  of 
Indiana.  Five  different  factors  representing  potential  costs  or  benefits 
were  studied  in  an  area  covering  37^0  square  miles  in  south-central  Indi- 
ana. Alternative  data  sources  were  collected  and  utilized  as  measures  for 
several  factors,  so  that  a  total  of  nine  measures  were  studied.  A  second 
smaller  area,  including  the  Greater  Lafayette,  Indiana  area,  was  selected 
for  more  detailed  studies.  Four  factors  represented  by  eight  different 
measures  were  evaluated  in  this  area. 

The  main  conclusions  reached  by  this  research  are:- 

(1)  Computer-aided  regional  highway  location  procedures,  as  util- 
ized by  the  prototype  GCARS  System,  can  assist  design  engi- 
neers in  analyzing  a  larger  number  of  alternatives. 

(2)  Numerical  surface  analysis  procedures  have  important  applica- 
tions in  the  GCARS  System  during  data  collection  and  analysis 
operations. 

(3)  There  are  four  important  factors  which  affect  regional  high- 
way locations.  They  are  (a)  earthwork  cost,  (b)  pavement 
construction  cost,  (c)  right  of  way  acquisition  cost  and 

(d)  service  benefits. 
(k)     Regional  analysis  can  be  performed  using  generally  available 
data  as  measures  of  these  factors.  However  more  detailed 
analyses  require  specially  collected  data  for  several  of 
these  factors. 


XV 


(5)  Generation  of  single  and  multiple  factor  alternatives  can  be 
accomplished  by  repeated  application  of  minimum  path  analysis 
procedures  to  utility  networks. 


CHAPTER  I 
INTRODUCTION 

The  Route  Location  Process 

The  Role  of  Transportation 

The  primary  purpose  of  any  transportation  system  is  to  serve  certain 
broadly  defined  goals  of  society.  These  may  include  economic  goals,  such 
as  growth  of  commerce;  social  or  socio-economic  goals,  such  as  improved 
accessibility  and  communication;  or  political  goals,  such  as  increased 
defensive  capability.   Thus  transportation  systems  are  ultimately  evalu- 
ated in  terms  of  political  and  economic,  as  well  as  engineering,  reali- 
ties. This  evaluation  is  undertaken  at  two  scales.  There  is  a  regional 
analysis  to  determine  the  best  transportation  systems  and  there  is  a  de- 
tailed analysis  to  plan  the  development  of  any  particular  link  of  the 
overall  transportation  system. 

The  transportation  engineer  has  a  responsibility  at  both  these  plan- 
ning scales.  First,  he  serves  as  a  technical  adviser  on  a  team  composed 
of  politicians,  economists,  regional  planners,  and  engineers  who  are  re- 
sponsible for  determining  regional  or  national  transportation  systems. 
The  engineer  advises  this  group  on  all  pertinent  considerations  regarding 
choice  of  transportation  mode,  such  as  between  highways  or  railroads,  and 
technology,  such  as  between  highway  types  or  narrow  and  standard  gauge 
railroads.  Second,  the  engineer  has  primary  responsibility  for  locating 


the  most  efficient  and  economical  route  for  any  link,  or  links,  assigned 
to  him  and  forming  part  of  a  previously  approved  transportation  system. 

A  fundamental  tenet  of  democracy  is  that  if  enough  people  have  all 
the  facts  they  will  be  able  to  determine,  better  than  any  other  known 
method,  what  is  best  for  the  group.  It  is  the  engineer's  responsibility 
to  analyze  physical  alternatives  and  to  give  the  people  the  facts.  The 
procedures  described  in  this  thesis  are  designed  to  aid  the  engineer  in 
performing  his  twin  responsibilities  as  technical  adviser  on  transporta- 
tion systems  and  as  principal  designer  of  specific  facilities.  Because 
highways  are  an  important  form  of  transport,  they  are  emphasized;  al- 
though similar  techniques  could  be  applied  equally  well  to  any  form  of 
transportation  network. 

It  is  beyond  the  scope  of  this  thesis  to  discuss  the  political 
aspects  of  route  location,  or  of  its  relationship  to  the  national  or 
regional  economic  goals.  This  has  been  done  elsewhere  [28,  39,  57,  8l, 
105] 

Applications  to  Developing  Regions 

The  concept  that  transportation  must  serve  the  broader  goals  of  so- 
ciety applies  equally  to  the  so-called  "under-developed"  areas  and  to  the 
"developed"  areas.  Economists,  engineers,  and  regional  planners  are 
giving  increasing  attention  to  the  transportation  problems  of  the  devel- 
oping regions  [39,  105]. 

The  transportation  problems  of  developing  regions  do  differ  from 
those  of  more  advanced  areas.  Any  decision  to  invest  in  a  transportation 
facility  carries  with  it  a  number  of  consequences.  The  relative 


* 
Numbers  in  brackets  refer  to  items  in  the  Bibliography. 


importance  attached  to  two  broad  types  of  consequences  -  those  affecting 
users  of  the  facility  and  those  affecting  nonusers  -  differs  between 
developed  and  developing  regions.  In  highly  developed  economies  the  user 
costs  are  traditionally  given  the  highest  priority.  Furthermore,  due  to 
the  affluence  of  these  societies,  quasi-economic  factors  are  given  con- 
sideration. Reduced  travel-time  and  increased  safety  are  justifiable 
and  generally  accepted  goals  and  may  override,  in  part  at  least,  more 
purely  economic  considerations  such  as  cost. 

In  developing  areas,  the  nonuser  consequences  are  generally  of 
higher  relative  importance.  Developing  regions  are  often  characterized 
by  minimal  transportation  networks.  Thus  the  addition  of  a  single  link 
to  such  a  system  is  much  more  likely  to  result  in  changes  to  the  entire 
economy,  than  would  the  addition  of  a  similar  link  to  an  already  dense 
network.  Furthermore,  developing  regions  often  have  scant  economic  re- 
sources so  that  costs  of  competing  schemes  must  be  critically  examined 
and  priorities  determined.  In  discussing  this  matter  Soberman  [105] 
states :- 

"Clearly  a  strong  case  can  be  made  for  basing  transportation  policy 
in  developing  countries  on  firmer  grounds  than  are  customarily  used 
in  the  more  developed  economies.  The  opportunity  cost  of  ill- 
advised  investments  in  transportation,  in  terms  of  housing,  educa- 
tion, and  medical  investments  foregone,  is  a  luxury  which  most 
developing  countries  can  hardly  afford." 

It  is  believed  that  the  procedures  presented  in  this  thesis  are 

applicable  to  the  analysis  of  transportation  links  in  developing  countries. 

With  a  combination  of  economic  growth  models  and  these  procedures,  the 

engineer  could  first  determine  alternative  routes,  then  simulate  probable 

developments  resulting  from  the  construction  of  each,  and  thus  recommend 

the  optimal  route  in  terms  of  present  cost  and  future  economic  gain. 


The  Hierarchical  Structure  of  the  Highway  Location  Process 
Careful  examination  of  the  highway  location  process  reveals  it  to 
be  a  "hierarchically- structured  sequential  decision  process"  [63,  6k). 
Once  it  is  decided  to  design  a  link  between  specific  termini  a  Region  is 
selected  large  enough  to  include  both  termini  and  all  conceivably  feas- 
ible routes  between  them.  By  a  sequence  of  decisions  the  engineer  defines 
the  routes  with  greater  and  greater  precision.  These  steps  are  for  con- 
venience defined  as  Bands,  Corridors,  Routes,  and  Alignments. 

These  basic  steps  in  the  route  location  process  have  been  named 
"actions"  by  Manheim  [63,  6k}.     According  to  Manheim,  each  action  contains 
at  least  two  basically  different  kinds  of  activities,  which  he  called 
"search"  and  "selection".  The  search  activity  concerns  the  generation 
of  alternatives,  while  the  selection  activity  involves  choosing  among  the 
alternatives  previously  generated. 

While  each  of  the  actions  (Region,  Bands,  Corridors,  Routes,  and 
Alignments )  is  similar  because  each  contains  the  activities  of  search 
and  selection,  they  differ  from  each  other  because  they  are  at  different 
"levels"  in  the  location  process.  Manheim  defines  levels  as  follows :- 

"When  we  compare  two  kinds  of  actions  and  find  one  that  is  character- 
istically specified  with  less  precision  than  the  other,  then  we  say 
that  the  more  completely  specified  action  is  of  a  lower  level  than 
the  other." 

These  actions,  when  ordered  according  to  their  levels,  form  the 
"highway  planning  hierarchy".  This  relationship  is  summarized  in  Table  1. 
Obviously  the  higher  levels  of  the  hierarchy  can  only  be  found  in  the 
analysis  of  longer  routes.  This  is  in  keeping  with  the  concept  that  a 
greater  range  of  choices  is  possible  during  the  design  of  longer  routes. 


TABLE  1 
THE  HIGHWAY  FLAMING  HIERARCHY 


ACTION 

ACTIVITIES 

hig 

hest 

Region 

Search  for  and  select  a  large  area  containing 
all  conceivable  feasible  solutions. 

Band 

Search  for  and  select  one  or  more  "bands" 
five  to  ten  miles  wide. 

CO 

s 
s 

I 

Corridor 

Search  for  and  select  one  or  more  "corridors", 
two  to  five  miles  wide. 

Routes 

Search  for  and  select  one  or  more  "routes" 
one  half  to  one  mile  wide . 

low 

ast 

Alignment 

Search  for  and  select  one  or  more  trial 
alignments,  prepare  final  plans  for  facility. 

Figure  1  represents  a  map  of  a  hypothetical  route  location  problem 
and  shows  the  spatial  relationship  of  the  various  actions  involved  in 
the  solution.  These  are  lettered  in  the  order  they  were  generated  and 
evaluated.  The  engineer  through  a  search  and  selection  procedure  first 
determined  Region  "A".  Within  this  Region, two  Bands,  "B"  and  "C"  were 
generated.  Within  these  Bands,  Corridors  "D",  "E",  and  "F"  were  generated. 
Corridor  "E"  was  ranked  the  best  and  Route  "G"  was  generated  within  it. 
Route  "G"  would  contain  one  or  more  Alignments  (not  shown),  each  contain- 
ing minor  geometrical  differences. 

Figure  1  and  the  description  of  the  solution  procedure  to  this 
hypothetical  problem  both  suggest  a  further  important  condition  inherent 
in  hierarchical  structure;  namely  the  concept  of  inclusion.  The  inclu- 
sion relationship  between  actions  can  be  described  in  terms  of  set  theory 
[63].  This  is  shown  graphically  in  Figure  2-A.  Region  "A"  may  be  repre- 
sented as  the  universal  set  containing  all  possible  alignments.  Within 
it  are  located  two  subsets  representing  the  Bands  "B"  and  "C" ,  within 

these  there  are  further  subsets  representing  the  Corridors,  and  so  on. 
A  second  method  of  representing  the  inclusion  concept  utilizes  a 

dendogram  as  shown  in  Figure  2-B.  A  dendogram  concisely  summarizes 

important  aspects  of  the  history  of  a  particular  route  location  process. 

It  is  a  most  useful  graphical  aid  in  the  study  of  hierarchical  structure. 

From  such  a  diagram  can  be  determined: - 

a)  The  number  of  actions  which  have  been  generated  and  evaluated. 

b)  The  relative  levels  of  these  actions  and  thus  the  probable 
sequence  of  their  generation  and  evaluation. 

c)  The  genealogy  of  each  action  -  in  which  actions  it  is  included 
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FIGURE      I.  A   HYPOTHETICAL    ROUTE     LOCATION 
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OF    VARIOUS    ACTIONS    GENERATED   AND   EVALUATED. 
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FIGURE     2.     ALTERNATIVE      GRAPHICAL      REPRESENTATIONS 
OF     THE      HIGHWAY      PLANNING      HIERARCHY. 
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and  which  actions  it  includes. 

Present  Highway  Location  Procedures 
In  the  light  of  the  above  discussion,  it  is  most  instructive  to 
briefly  examine  the  typical  way  in  which  route  location  is  performed  by 
highway  departments  or  consulting  engineers  in  the  United  States. 

The  following  description  was  developed  by  Manheim  [63]  following 
conversations  with  experienced  highway  location  engineers.  It  is  believ- 
ed to  be  fairly  "typical"  of  the  procedures  employed  by  most  states. 
Manheim  states :- 

"In  a  typical  location  process,  the  following  activities  can 
be  identified: 

a)  Reconnaissance: 

Considering  a  variety  of  factors,  such  as  general  topog- 
raphy, general  traffic  desires,  and  political  issues,  one 
"band  of  interest"  is  generated  and  picked  for  further 
study.  A  band  of  interest  is  an  area  stretching  between 
the  two  termini.  It  may  be  as  wide  as  several  miles,  but 
this  will  vary  significantly  with  the  nature  of  the  terrain. 

After  reconnaissance,  aerial  photography  is  obtained  and 
photogrammetric  maps  are  produced  for  the  selected  band  of 
interest. 

b)  Control  points: 

Sets  of.  constraints  on  the  location  are  generated  and 
examined  for  their  effects.  Known  as  "control  points", 
these  constraints  may  consist  of:  the  termini  of  the 
route,  obstacles  to  be  underpassed,  overpassed,  or  detoured; 
locations  of  interchanges  with  other  routes,  etc. 

c)  Preliminary  location: 

For  a  set  of  control  points,  approximate  horizontal  align- 
ments are  generated.  These  are  approximate  in  that  the 
location  of  the  centerline  is  not  specified  precisely,  but 
to  about  an  accuracy  of  200'  (where  the  right-of-way  of 
the  highway  may  be  150-300').  For  this  reason,  we  can  call 
these  approximate  alignments  "location  bands" .  Approximate 
profiles  of  the  ground  surface  along  these  bands  may  be 
taken  to  aid  in  evaluating  them. 
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Three  or  four  of  the  best  location  bands  are  selected  for 
further  examination. 

d)  Alignment  design: 

Within  the  selected  location  bands,  one  or  more  horizontal 
alignments  are  generated  and  evaluated.  The  evaluation  is 
on  the  basis  of  the  ground  profile  along  the  centerline. 

e)  Roadway  design: 

For  alignments  which  look  good,  one  or  more  vertical  pro- 
files are  generated  and  evaluated. 

The  best  profile  is  determined  for  each  alignment.  The 
three  or  four  best  of  these  locations  are  selected  for 
further  examination. 

f)  Interchange  studies: 

For  each  location,  possible  layouts  for  interchanges  with 
other  roads  are  generated  and  evaluated. 

The  single  best  location,  with  interchange  layouts,  is 
selected . 

g)  Final  design: 

The  single  best  location,  with  interchange  layouts,  is 
submitted  to  final  design,  in  which  the  geometries  of  the 
facility  are  specified  (generated)  precisely,  and  a  detailed 
economic  evaluation  made  (including  details  of  land  takings, 
construction  costs,  user  costs,  etc.)." 


The  Need  for  Improvements 

Discrepancies  are  immediately  discovered  from  a  comparison  of  the 
above  description  of  typical  location  procedures  with  the  discussion  of 
the  hierarchical  nature  of  the  highway  planning  process  in  its  ideal 
form.  The  present  procedures  apparently  concentrate  on  the  geometrical 
aspects  of  comparatively  few  alternatives.  Economic  analysis  is  almost 
an  afterthought. 

In  terms  of  the  highway  planning  hierarchy,  present  location  analysis 
is  confined  to  the  Route  and  Alignment  levels,  the  lowest  two  levels  of 
the  hierarchy. 
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However,  application  of  the  concept  of  inclusion  immediately  ident- 
ifies the  danger  inherent  in  present  procedures.  If  inadequate  analysis 
at  the  upper  levels  of  the  highway  planning  hierarchy  results  in  feasible 
alternative  Bands  or  Corridors  being  overlooked,  no  amount  of  detailed 
analysis  at  the  lower  levels  will  insure  the  discovery  of  an  optimal 
design.  Suboptimal  designs  are  the  best  that  can  be  expected. 

Under  such  conditions  it  is  not  surprising  that  special  interest 
groups,  frequently  looking  at  a  location  from  a  new  point  of  view,  have 
recently  successfully  challenged  final  plans  for  highway  development  at 
public  hearings  [77].  These  challenges  may  result  from  inadequate  review 
of  all  factors  at  higher  levels  in  the  hierarchy.  The  arguments  raised 
by  special  interest  groups  are  more  easily  refuted  if  the  costs  for 
alternatives  are  prepared  and  the  community  as  a  whole  is  able  to  weigh 
the  merits  of  the  case. 

However,  with  present  techniques,  time  considerations  render  it 

impossible  to  study  more  than  a  few  routes.  Because  these  limitations 

are  most  apparent  at  the  upper  levels  of  the  highway  planning  hierarchy, 

procedures  to  aid  in  their  analysis  are  the  subject  of  this  thesis. 

Development  of  new  means  to  rapidly  and  selectively  generate  and  evaluate 

alternatives  would  greatly  assist  the  engineer  and  lead  to  economy  in 

design.  Suhrbier  and  Roberts  [103  ]  state :- 

"The  analysis  levels  concerned  with  project  location  and  planning 
and  also  overall  system  design  have  received  somewhat  less  attention. 

Since  the  costs  of  a  project  are  almost  completely  determined 

at  these  higher  levels,  it  is  these  levels  that  should  receive  future 
research  interest." 

"The  formulation,  design,  construction,  and  implementation  of  indi- 
vidual models  required  to  fill  these  "gap"  areas  of  the  ultimate 
man-machine  system  represents  a  fertile  area  for  future  research." 


12 


The  Role  of  the  Computer  in  Highway  Engineering 
The  inadequacies  of  present  planning  procedures  have  been  outlined 
by  many  researchers  in  recent  years  [9,  60,  63,  91,  95,  96].  The  rapid 
development  of  digital  computers  naturally  resulted  in  attempts  to 
utilize  this  new  tool  in  highway  location. 

The  computer  was  found  useful  in  two  areas:  in  the  detailed  geo- 
metric analysis  of  alignments  for  which  a  number  of  systems  have  been 
developed  [9,  60,  70,  71,  92,  93,  9h,   95],  and  in  the  production  of 
"driver's  eye"  movies  used  to  simulate  a  trip  along  a  yet  to  be  built 
facility  [9,  29,  30,  60,  85].  However,  use  of  the  computer  has  lagged 
in  the  more  generalized  analyses  required  at  the  upper  levels  of  the 
highway  planning  hierarchy.  Suhrbrier  and  Roberts  [102]  state  the 
current  situation  quite  clearly :- 

"The  highway  design  phases  have  received  the  majority  of  recent 
research  efforts.  Systems  of  digital  computer  programs  now  exist 
which  permit  detailed  analysis  of  earthwork  quantities  and  which 
facilitate  the  computation  of  right  of  way,  interchange  and  super- 
elevation geometries " 

"Although  much  computer- oriented  work  has  been  directed  towards 
the  final  design  aspects  of  this  overall  system,  investigations 
are  only  beginning  in  such  areas  as  regional  network  analysis, 
horizontal  alignment  selection " 

The  reason  for  this  is  not  hard  to  find.  Computers  have  no  intelli- 
gence; they  compute  according  to  programmed  instructions.  Writing  a 
program  to  perform  the  decisions  involved  in  even  simple  route  evaluations 
is  a  formidable  task.  Procedures  involving  linear  programming  techniques, 
including  Bayesian  decision  theory,  have  been  suggested  [63,61*.]  and 
appear  promising.  The  absence  to  date  of  practical  versions  of  these 
techniques  has  resulted  in  suggestions  of  using  the  computer  as  an  aid  to 
design,  rather  than  as  the  designer.  Both  man  and  machine  perform  those 
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functions  for  which  they  are  best  suited.  Generally  this  means  that  the 
machine  performs  laborious,  often  repetitive,  calculations  while  the  man 
interprets  the  results  and  plans  subsequent  steps. 

Computer-Aided  Design  Procedures 

In  a  recent  paper,  Lowe,  Young,  and  Lister  [60]  neatly  summarize 

this  concept  as  follows :- 

"Thus  it  appeared  that  the  engineer  remained  a  vital  and  integral 
part  of  the  system,  and  that  while  all  the  routine  mechanical, 
logical  and  repetitive  operations  could  be  executed  much  more 
speedily  by  the  computer,  a  man  would  be  needed  (in  the  present 
state  of  the  art)  to  use  his  powers  of  association,  assessment, 
and  overall  judgment  to  direct  the  progression  of  the  design 
towards  its  optimum. 

So  it  was  that,  starting  from  the  concept  of  a  fully  computer- 
designed  road,  a  scheme  gradually  crystallized  for  a  system  which 
would  allow  the  engineer  to  obtain  from  the  computer,  in  the  most 
suitable  form  for  rapid  assimilation,  objective  assessments  and 
quantitative  appraisals  of  the  various  steps  in  his  design,  having 
given  it  the  simplest  possible  setting  data." 

Their  concept  of  a  computer- augmented  design  scheme,  as  opposed  to 
an  entirely  manual  one,  is  shown  in  Figure  3« 

In  1957,  Roberts  [91]  outlined  the  basic  characteristics  of  a  system 

similar  to  that  investigated  by  this  research  project.  According  to  him 

the  integration  of  three  "new"  (then)  tools  into  a  single  "smooth  system" 

would  greatly  aid  the  design  engineer.  His  three  tools  were  (l)  photo- 

grammetric  methods,  (2)  airphoto  analysis,  and  (3)  electronic  computers. 

The  system  would  be  integrated  because, 

"aerial  photography  would  be  the  basic  data  collection  system, 
phot ogramme try  would  be  the  quantitative  or  metric  data  system, 
airphoto  analysis  would  be  the  qualitative  or  classified  data 
system,  and  the  electronic  computer  would  be  the  data  reduction 
and  evaluation  system." [91] 
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Roberts  realized  that  the  computer  could  assimilate  and  reduce  data 
to  a  form  more  readily  understandable  to  the  engineer.  His  suggestion 
for  photogrammetric  input  data  was  not  followed  in  this  project,  because 
adequate  topographic  maps  were  available  and  data  could  be  obtained  from 
them  with  sufficient  accuracy  more  efficiently  with  the  personnel  avail- 
able. In  areas  where  such  maps  are  lacking  photogrammetric  techniques 
would  naturally  be  applied.  Airphoto  interpretation  was  used  directly 
and  indirectly,  for  example  through  the  use  of  soils  maps  developed  from 
airphoto  interpretation,  as  a  source  of  data  on  various  factors.  Roberts 
suggested  the  production  of  "economic  relief  models"  which  roughly  cor- 
respond to  the  utility  surfaces  mapped  by  the  computer  and  used  in  this 
research. 

The  Generalized  Computer-Aided  Route  Selection  (GCARS)  System 
This  research  program  was  concerned  with  the  applications  of  num- 
erical surface  analysis  procedures  to  the  location  of  highway  routes. 
Before  these  procedures  could  be  evaluated  however,  some  system  which 
could  utilize  them  had  to  be  defined.  The  system  developed  to  utilize 
these  procedures  is'  named  the  Generalized  Cpmputer-Aided  Route  Selection 
System  (GCARS  System).  Figure  k   outlines  the  basic  characteristics  of 
this  system. 

At  any  level  in  the  highway  planning  hierarchy,  three  activities 
have  been  identified,  the  data  preparation  activity,  the  search  activity, 
and  the  selection  activity.  Manheim  defined  his  search  and  selection 
activities  [63,61+]  to  include  data  preparation  in  the  search  activity. 
The  three-way  subdivision  proposed  here,  and  corresponding  reduction  in 
the  scope  of  the  search  activity,  is  more  convenient  for  discussion  of 
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the  GCARS  System. 

It  should  be  noted  that  the  computer  is  dominant  in  only  one  of  the 
three  activities,  the  search  activity.  The  selection  activity  is  entire- 
ly left  in  the  hands  of  the  design  engineer,  since  it  is  assumed  that  he 
is  best  qualified  to  make  the  right  decision  given  all  necessary  facts. 
Man  is  also  dominant  in  the  data  preparation  activity,  although  he  is 
aided  by  the  computer,  or  other  machinery,  in  the  computations  required 
to  design  the  sampling  methods  and  in  the  actual  data  digitization.  Thus 
the  GCARS  System  is  truly  a  computer-aided  design  system,  and,  in  common 
with  all  such  procedures,  is  greatly  dependent  on  "man-machine  inter- 
changes" of  information  [69] .  Such  interchanges  must  be  rapid  and  con- 
venient to  both  parties  if  the  system  is  to  be  effective.  The  research 
is  concerned  with  the  problems  of  "man-to-machine"  and  "machine-to-man" 
information  exchanges. 

Use  of  the  GCARS  System  begins  when  the  design  engineer  is  given 
the  basic  problem  definition.  Generally  he  will  be  told  the  origin  and 
destination  of  the  route,  the  mode  of  transportation  he  is  to  design  for 
(road,  railroad,  etc.),  and  the  level  of  service  to  be  supplied  (four- 
lane  interstate  route,  primary  state  route,  etc.).  If  certain  inter- 
mediate points  must  be  served,  the  analysis  can  be  considered  as  a  number 
of  design  problems,  each  concerning  the  location  of  a  link  between  a 
single  origin  and  destination.  The  primary  function  of  the  design 
engineer  is  to  determine  the  route  having  the  lowest  "social  cost"  and 
"highest  social  benefit"  [771-  The  GCARS  System  is  designed  to  assist 
him  in  finding  this  route. 
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Once  the  problem  has  been  outlined,  the  design  engineer  must  first 
select  an  appropriate  level  in  the  highway  planning  hierarchy  at  which 
to  begin  his  analysis.  He  must  next  define  those  factors  having  some 
bearing  on  the  evaluation  of  alternatives.  For  each  factor  so  chosen  he 
must  then  select  a  measure  to  be  used  in  studying  that  factor  and  finally 
he  must  collect  data  for  these  measures.  For  example,  a  chosen  factor 
may  be  soil  type;  and  the  measure  selected  a  county  engineering  soils  map 
The  data  collection  would  consist  of  obtaining  a  copy  of  the  map. 

Conversion  of  the  collected  data  to  a  form  acceptable  to  the  computer 
requires  man-to-machine  interchanges  of  information.  Basically  the  data 
must  be  "digitized",  converted  to  numerical  form.  This  should  be  accom- 
plished as  simply  as  possible,  yet  be  reproducible.  Digitization  gen- 
erally requires  sampling  of  the  collected  data,  thus  the  design  of  suit- 
able sampling  techniques  is  an  important  part  in  the  design  of  a  success- 
ful GCARS  System.  As  shown  in  Figure  h,   the  final  aspects  of  the  Data 
Preparation  Activity  involve  the  definition  of  a  sampling  procedure, 
sampling  and  digitization  of  the  data,  and  selection  of  suitable  data 
analysis  procedures  to  be  performed  in  the  search  activity. 

The  machine  dominated  search  activity  can  be  subdivided  into  a  data 
analysis  phase  and  a  generation  phase.  The  analysis  phase  involves  the 
use  of  a  variety  of  Numerical  Surface  Analysis  Procedures.  Only  when 
the  design  engineer  is  satisfied  that  each  of  the  various  factors  is 
described  adequately  does  he  initiate  the  generation  phase  which  is  based 
on  minimum  path  analysis  techniques. 

Communication  from  the  machine-to-man  is  important  during  the  search 
activity  when  data  manipulation  and  analysis  is  being  performed  by  the 


19 


computer.  The  design  engineer  must  be  able  to  rapidly  comprehend  the 
results.  This  requires  graphical  and  statistical  output  so  that  the 
machine-to-man  communications  are  brief  enough  to  allow  the  man  tc 
extract  the  important  information  quickly  and  easily.  The  development 
of  adequate  computer-generated  graphical  output  procedures  is  therefore 
another  important  part  in  the  design  of  a  successful  GCARS  System. 

Once  the  alternatives  have  been  generated  by  the  machine,  the  design 
engineer  performs  his  most  important  function;  he  must  choose  those 
alternatives  which  he  believes  to  be  the  most  promising.  This  is  the 
selection  activity.  Once  the  most  promising  alternatives  have  been 
chosen  the  engineer  must  then  decide  if  further  refinement  is  possible 
at  a  lower  level  of  the  highway  planning  hierarchy.  If  further  refine- 
ment is  possible  through  use  of  the  GCARS  System,  the  entire  procedure 
is  repeated  at  a  lower  level  in  the  highway  planning  hierarchy,  as  shown 
by  the  arrow  returning  to  the  top  of  Figure  k.     If  the  analysis  has  been 
performed  at  the  Route  level  of  the  hierarchy,  no  further  refinement  is 
possible  through  use  of  the  GCARS  System.  Further  refinement  is  obtained 
at  the  Alignment  level  through  use  of  geometric  design  systems  such  as 
the  Massachusetts  Institute  of  Technology  Digital  Terrain  Model  described 
in  Chapter  II . 

Purpose  of  Study 
This  study  was  undertaken  with  a  five- fold  purpose :- 

1)  to  investigate  previously  developed  numerical  surface  analysis 
techniques  which  have  been  successfully  applied  to  a  variety 
of  earth  science  problems. 
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2)  to  evaluate  the  applicability  of  these  techniques  to  the 
analysis  of  highway  route  location  factors,  in  particular 
their  application  in  conjunction  with  minimum  path  analysis 
procedures. 

3)  to  develop  and  evaluate  man-machine  interchange  systems  to 
facilitate  the  exchange  of  information  between  design  engineers 
and  digital  computers. 

k)     to  develop  a  suitable  computer-aided  highway  location  system 
for  the  upper  levels  of  the  highway  planning  hierarchy. 

5)  to  identify  future  research  needs  in  the  field  of  highway 
route  selection. 

Scope  of  Study 
The  study  was  concerned  with  the  design  of  a  computer-aided  highway 
location  system  for  the  Band,  Corridor,  and  Route  levels  of  the  highway 
planning  hierarchy.  Computer-aided  design  systems,  such  as  the  Massa- 
chusetts Institute  of  Technology  Digital  Terrain  Model  (DIM),  were  avail- 
able to  assist  in  the  generation  and  evaluation  of  alternatives  at  the 
lowest  levels  of  the  hierarchy,  so  no  further  study  was  made  at  this 
level. 

System  design  and  evaluation  was  based  on  the  following  six  system 
design  concepts :- 

l)  The  system  shall  include  methods  of  rapid  and  efficient  in- 
formation storage,  processing  and  retrieval,  through  the  use 
of  digital  computers. 
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2)  The  system  shall  provide  effective  and  convenient  methods  of 
man-machine  information  interchanges  to  increase  the  engineer's 
decision-making  capabilities. 

3)  The  system  shall  be  designed  to  incorporate  suitable  quanti- 
tative measures  of  all  pertinent  factors. 

k)     The  system  shall  include  techniques  of  ordering  alternatives 
by  analysis  of  available  data. 

5)  The  system  shall  be  flexible,  to  allow  the  analysis  of  per- 
tinent factors  alone  or  in  combination. 

6)  The  system  shall  have  general  compatability  with  available 
lower-level  design  systems,  such  as  the  Digital  Terrain  Model, 
in  terms  of  resolution  and  data  collection. 

Two  test  areas  were  selected  in  the  State  of  Indiana  as  described 
later.  In  these  areas  the  computer-aided  design  system  concepts  were 
tested  in  natural  environments,  rather  than  for  purely  hypothetical  cases. 
As  a  result  of  these  experiments  some  measure  of  the  utility  of  computer 
programmed  data  storage,  processing  and  retrieval  functions  was  obtained 
and  the  basic  requirements  of  suitable  man- to-machine  and  machine-to-man 
information  exchange  procedures  were  determined. 
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CHAPTER  II 
REVIEW  OF  PROPOSALS  FOR  IMPROVEMENTS  IK  HIGHWAY 
LOCATION  AND  DESIGN  TECHNIQUES 

In  recent  years  engineers  and  planners  have  increasingly  accepted 
the  necessity  for  a  broader  approach  to  the  study  of  the  social  and 
economic  consequences  of  various  highway  development  proposals.  As  a 
consequence  there  have  been  a  number  of  attempts  to  develop  suitable 
methods  for  determining  and  choosing  a  single  "best"  plan  in  terms  of  a 
number  of  conflicting  criteria.  Although  considerable  work  in  this  area 
has  been  done  in  North  America,  independent  research  also  has  been  under- 
taken in  Europe. 

At  least  three  different  approaches  have  been  utilized.  These  are:- 
1.)  Graphical  route  selection  procedures,  2.)  Computer-assisted  design 
procedures,  and  3-)  Computer-generated  drivers-eye  movies  of  proposed 
facilities. 

None  of  the  procedures  so  far  proposed  is  applicable  to  the  entire 
highway  planning  hierarchy.  However,  many  of  them  have  considerable 
amplication  to  the  analysis  of  certain  types  of  highway  location  and 
design  problems. 

Graphical  Route  Selection  Procedures 
Many  engineers  and  planners  have  utilized  graphical  methods  to 
determine  optimal  route  locations.  No  doubt  a  large  number  of  such 
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studies  have  been  performed  without  extensive  documentation-  The  few 
examples  from  the  literature  described  here  are  believed  to  be  typical 
of  these  procedures. 

Graphical  procedures,  in  their  simplest  terms,  contain  the  following 
steps :- 

(1)  identification  of  the  pertinent  factors, 

(2)  development  of  maps  at  a  consistent  scale,  showing  each 
factor , 

(3)  preparation  of  overlays  for  each  factor  showing  on  a  gray 
scale  various  levels  of  utility  for  highway  locations  in 
terms  of  that  factor, 

(k)     the  combination  of  these  overlays  in  some  fashion  to 

determine  the  "best  route"  for  all  factors,  as  shown  by 
coincidence  of  gray  scales . 

McHarg  [77]  described  a  recent  study  in  New  Jersey  that  utilized  a 
simple  graphical  procedure.  He  assumed  that  the  "best  route"  was  "that 
which  provides  the  maximum  social  benefit  at  the  least  social  cost."  It 
was  further  assumed  that  the  least  social  cost  alignment  would  avoid 
areas  of  high  social  value  and  areas  of  "physiographic  obstructions" 
which  would  raise  construction  costs.  "Physiographic  obstructions"  in- 
cluded items  such  as  steep  slopes,  bridges,  poor  foundations,  and  easily 
erodable  soils. 

Twelve  parameters  were  studied;  each  was  plotted  on  a  transparent 
overlay  which  contained  three  levels.  Zone  1  was  the  highest  cost  of 
obstruction  and  was  shaded  darkest,  Zone  2  was  an  intermediate  cost  and 
shaded  a  medium  tone,  Zone  3  was  the  area  of  lowest  cost  and  was  left 
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unshaded.  When  -che  twelve  overlays  were  superimposed,  a  single  trumpet 
shaped  zone  of  "least  social  cost"  was  discerned.  This  corridor  was 
then  examined  and  found  to  be  the  alignment  of  "maximum  social  utility" 
in  terms  of  future  economic  development  and  aesthetics. 

As  a  result  of  this  analysis  a  previously  announced,  but  unpopular, 
interstate  development  plan  was  amended. 

A  much  more  detailed  study  of  the  utility  of  graphical  procedures 
in  route  location  was  performed  at  MIT  by  Alexander  and  Manheim  [2].  A 
test  site  was  chosen  in  western  Massachusetts  along  Interstate  -91.  A 
series  of  26  design  requirements  was  developed.  The  objective  was  to 
determine  an  optimal  route  in  terms  of  all  26  requirements.  For  each 
requirement  a  utility  diagram  was  constructed  which  indicated  the  rela- 
tive desirability  of  each  point,  for  a  highway  passing  through  it,  in 
terms  of  that  requirement.  These  diagrams  contained  a  range  of  grey 
tones  from  white  to  black.  The  darker  the  tone  at  a  particular  point, 
the  better  that  location  for  a  highway  location  in  terms  of  that  require- 
ment.  (Note  that  this  is  opposite  to  McHarg's  convention.)  Figure  5 
shows  the  utility  diagrams  for  all  26  requirements. 

From  theoretical  considerations,  Alexander  and  Manheim  were  able  to 
show  that  it  is  possible  to  determine  a  best  sequence  for  combining  the 
26  diagrams.  Complex  problems  can  be  solved  if  their  conflicts  are  solved 
one  at  a  time.  This  subdivision  into  subsets  results  in  the  formation 
of  a  hierarchically  structured  tree.  The  tree  developed  for  their  prob- 
lem is  shown  in  Figure  6. 

This  tree  was  determined  as  follows.  Each  pair  of  requirements  was 
studied  to  see  if  they  were  in  conflict.  This  was  decided  by  studying 
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the  two  utility  diagrams;  if  one  diagram  was  the  opposite  of  the  other, 
conflict  existed.  A  graph  was  constructed  with  26  vertices,  one  for 
each  requirement,  links  were  drawn  between  each  pair  of  vertices  for 
which  a  conflict  existed.  This  set  of  all  possible  requirements  was 
subdivided  into  two  subsets  which  were  connected  by  as  few  links  as  poss- 
ible. This  was  repeated  until  the  original  set  was  completely  subdivided 
into  its  constituent  elements.  This  "hierarchial  decomposition"  of  the 
set  of  requirements  was  performed  on  the  computer  [l] . 

Starting  at  the  lowest  levels  of  the  tree,  Alexander  and  Manheim 
photographically  superimposed  each  prescribed  group  of  diagrams.  The 
relative  weight  of  each  constituent  diagram  was  adjusted  to  bring  out 
the  strongest  possible  organized  pattern  in  the  composite.  A  transpar- 
ency of  the  composite  was  projected  onto  a  drawing  board  and  the  image 
redrawn  so  as  to  "bring  out  its  essential  organizational  features." 
Emphasis  was  placed  on  those  parts  of  the  pattern  showing  features  such 
as  continuity  and  consistent  direction. 

Each  modified  composite  diagram  was  now  treated  as  an  original  dia- 
gram. In  this  way  the  analysis  proceeded  up  the  tree;  the  cycle  of  photo- 
graphic superposition,  projection,  and  modification  being  repeated  until 
the  top  of  the  tree  was  reached.  The  final  modified  diagram  gave  the 
solution  to  the  location  problem. 

Alexander  and  Manheim  also  investigated  alternative  highway  inter- 
change designs  utilizing  similar  graphical  procedures  [3l- 

In  spite  of  Alexander's  and  Manheim' s  pleas  to  the  contrary,  the 
writer  believes  that  most  graphical  procedures  are  particularly  liable 
to  operator  bias.  Subjectivity  is  bound  to  enter  the  analysis  either 
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during  the  construction  of  the  individual  overlays  for  each  factor  or  in 
the  extraction  of  the  essential  patterns  in  the  composities.  Elimination 
of  such  bias  appears  difficult. 

Computer-Assisted  Design  Procedures 

Roberts '  1957  Proposal 

Probably  the  earliest  important  paper  on  this  subject  was  written  by 
Paul  0.  Roberts  in  1957  C9l]«  The  paper  presented  the  basic  outline  of 
a  system  similar  to  that  developed  in  this  research  project.  Roberts' 
ideas  were  apparently  never  acted  upon,  perhaps  because  computer  applica- 
tions were  still  in  their  infancy  and  highway  planners  were  uncertain  as 
to  the  value  of  his  proposals. 

Roberts  suggested  that  in  the  future  highway  location  analysis 
would  require  an  integrated  system  including  (l)  the  engineer  to  supply 
judgment,  (2)  photogrammetric  and  airphoto  interpretation  methods  for 
data  collection,  and  (3)  the  computer  for  data  storage  and  manipulation. 
Thus  he  suggested  a  computer-aided  design  system.  The  paper  includes 
two  concepts  fundamental  to  the  present  research,  namely  (l)  the  use  of 
terrain  smoothing  to  approximate  all  possible  grade  lines  and  thus  simu- 
late cut  and  fill  problems,  and  (2)  additivity  of  several  factors  to 
obtain  an  "economic  relief  model"  which  would  be  analyzed  to  determine 
the  be3t  route. 

However,  Roberts  was  often  vague  as  to  the  actual  computational  pro- 
cedures that  were  to  be  used  on  the  computer,  or  else  he  suggested  tech- 
niques that  appear  difficult  or  impractical  to  apply. 
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Figure  7  is  a  reproduction  of  Roberts'  concept  of  terrain  smoothing 
to  determine  cut  and  fill  problems.  It  is  an  excellent  representation 
of  the  relationship  between  a  fitted  regression  surface  and  a  natural 
terrain.  Roberts  did  not  suggest  regression  procedures  but  rather 
suggested  that  a  type  of  moving  average  be  employed.  Regression  proce- 
dures are  more  objective  and  thus  more  desirable  than  moving  average 
methods . 

The  "unit  cost  models"  shown  in  Figure  8  are  roughly  comparable  to 
the  "utility  surfaces"  of  the  present  research.  Roberts  suggested  that 
sampling  of  each  factor  on  a  rectangular  grid  be  used  to  generate  each 
surface.  Such  a  procedure  is  not  as  efficient  as  a  procedure  utilizing 
irregularly  spaced  sample  locations.  Grid  values  tend  to  repetitiously 
sample  large  uniform  areas  and  may  easily  miss  small  details.  If  the 
grid  size  is  reduced  so  as  to  include  smaller  details,  the  total  number 
of  samples  rises  rapidly,  adding  to  the  data  storage  and  processing 
problems . 

Roberts  suggested  that  all  factors  should  be  reduced  to  a  single 

metric,  the  dollar.  He  has  been  criticized  for  this  [2].  More  recently 

O'Flynn  [8l]  discussed  this  problem  at  some  length. 

"In  the  task  of  measurement  of  outputs,  very  difficult  problems 
arise.  This  is  due  to  the  variety  of  dimensions  and  distinct  scales 
of  value  which  exist  for  all  the  objectives  and  the  related  outputs. 
Usually  any  group  of  outputs  comprises  some  which  have  measurable 
consequences  in  economic  terms.  There  are  others  which  cannot  be 
reduced  to  the  same  common  denominator  of  market  value.  In  addition 
there  are  the  outputs  of  an  intangible  nature  such  as  the  aesthetical 
aspects." .. ."There  is  considerable  difficulty  in  quantifying  some  of 
these  outputs  on  a  ratio  scale,  or  on  any  scale,  and  the  problem 
becomes  even  greater  when  an  attempt  is  made  to  establish  their 
market  values.  In  order  to  give  some  dimension  to  these  outputs, 
use  can  be  made  of  the  casuistic  and  psychological  theories  of  value. 
The  latter  concept  attempts  to  quantify  people's  value  or  feelings 
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ACTUAL       TERRAIN 
SURFACE 


SMOOTHED     TERRAIN 
SURFACE 


(  after     Roberts ) 


FIGURE    7.     TERRAIN     SMOOTHING     TO     SIMULATE 
CUT      AND       FILL      COSTS. 
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LAND    COST 


DRAINAGE     COST 


SOIL    CONDITIONS    COST 


EARTHWORK     COST 


TRAFFIC     DESIRE    COST 


ALL    THE     UNIT 
COSTS    ARE    ADDED 
TO    GIVE    A    PORTION    OF 
THE    FINAL   RELIEF    MODEL 


(after    Roberts) 


FIGURE    8.       THE      ECONOMIC      RELIEF       MODEL 
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of  value  for  an  output  such  as  noise  level.  Generally,  a  weak 
ordering  is  possible  but  attempts  to  introduce  an  interval  scale 
have  not  been  successful..."  O'Flynn  concluded  "The  most  suitable 
approach  is  to  outline  the  precise  physical  magnitudes  of  the  non- 
market  outputs,  avoiding  the  use  of  questionable  value  functions." 

Roberts  had  the  foresight  to  suggest  that  the  computer  could  be 

used  to  select  the  optimal  route  in  terms  of  cost.  However  he  suggested 

linear  programming  methods  with  alignment  specifications  as  the  limiting 

criteria.  Such  methods  have  yet  to  prove  applicable  to  this  problem. 

The  current  research  used  minimum  path  analysis  to  select  the  routes. 

The  Digital  Terrain  Model 
In  1956  the  Civil  Engineering  Department  of  the  Massachusetts 
Institute  of  Technology  began  studying  computer  applications  to  highway 
planning  and  design.  A  large  number  of  researchers  have  been  involved, 
including  Poberts,  and  an  extensive  literature  now  exists  [70,  71,  92,  93, 
9^»  95,  96,  103].  By  i960  this  team  had  succeeded  in  developing  an 
integrated  computer-oriented  highway  design  system  for  the  lowest  level 
(Alignment)  of  the  highway  planning  hierarchy.  The  system  was  called 
the  Digital  Terrain  Model  (DTM),  because  the  first  developments  were  di- 
rected towards  the  geometric  analysis  of  alternative  horizontal  and  ver- 
tical alignments.  Later  additions  to  the  system  included  provisions  for 
economic  analysis  of  other  factors  such  as  right  of  way,  structure,  and 
vehicle  operating  costs;  however,  the  term  Digital  Terrain  Model  has  been 
retained  as  the  system  identification. 

The  DTM  System  requires  the  engineer  to  first  select  a  "band  of 
interest",  in  the  terminology  of  this  thesis  a  Route.  Within  the  Route 
a  baseline  is  defined.  This  serves  as  the  X-axis  of  the  data  coordinate 
system  and  is  composed  of  straight  line  segments  connected  by  curves,  as 
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required  by  the  shape  of  the  Route.  The  terrain  data  is  measured  along 
lines  normal  to  this  baseline  called  cross-section  lines.  Sample  points 
are  measured  from  left  to  right  across  each  cross-section.  Distances 
are  measured  with  respect  to  the  baseline,  points  on  the  left  having 
negative  signs,  those  on  the  right  having  positive  signs.  The  spacing 
of  the  cross-section  lines  and  the  sampling  densities  along  them  are 
matters  of  engineering  judgment.  Figure  9  summarizes  these  relationships, 

The  engineer  must  also  select  a  series  of  trial  alignments.  As 
shown  in  figure  9»  each  trial  alignment  centerline  is  defined  with 
respect  to  the  baseline  and  consists  of  interconnecting  straight  line 
and  curved  segments. 

The  most  recent  versions  of  the  DTM  System  include  four  stages  [95. 
96].  These  are  shown  diagrammatically  in  Figure  10.  The  DTM  Location 
System  and  DTM  Design  System  are  similar  in  structure  and  in  input-output 
characteristics.  However,  there  are  significant  differences  due  to  the 
different  purposes  of  the  Location  and  Design  Systems.  Since  the  DTM 
Location  System  is  intended  for  use  early  in  the  location  studies  the 
constituent  programs  are  somewhat  simpler  and  more  generalized  than  the 
equivalent  programs  in  the  DTM  Design  System  used  later  in  the  planning 
process  when  more  exact  analysis  is  required. 

These  differences  can  be  shown  by  comparing  (l)  the  fill  volumes 
obtained  by  the  two  systems  and  (2)  their  running  times.  Such  measures 
are  greatly  dependent  on  characteristics  of  the  test  area.  However,  in 
gently  rolling  terrain  in  central  Massachusetts  with  cross-sections  every 
200  feet,  cut  and  fill  volumes  determined  by  the  two  systems  differed  by 
about  three  percent.  At  the  same  time  the  DTM  Location  System  ran  about 
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Define    "Band    of    Interest" 
and    select     several    alternative 
alignments 


DTM    LOCATION    SYSTEM 


Terroin     Preparation     Phase 

Alignment    Design     Phase 

Roadway    Design     Phase 


three    or    four 

promising    alternative 

alignments 


DTM     DESIGN    SYSTEM 

Terrain    Preparolion    Phase 

Alignment     Design     Phase 

Roadway    Design    Phase 

Materials    Classification      Phose 


one    or    two 

most     pt  omising 

alignments 


ECONOMIC    ANALYSIS 

Volumetric     Quantities 

Structures    Cost 

Pavement    Cost 

Drainage    Cost 

Right-of-Woy     Acquisition     Cost 

Highway     Maintenance     Cost 

Vehicle     Simulation     ond     Operating 

Cost    System 


SENSITIVITY 


ANALYSIS 


FIGURE  10.    THE    DIGITAL    TERRAIN     MODEL     SYSTEM 
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five  times  faster  than  the  DIM  Design  System;  equivalent  programs  in  the 
Roadway  Design  Phase  on  an  IBM  1620  computer  analyzed  nineteen  miles  and 
four  miles  of  road  respectively,  in  one  hour  of  computation  time  [96] . 

The  system  is  an  excellent  example  of  the  computer-aided  design 
concept.  The  interactions  of  the  various  programs  and  phases  in  the  DTM 
Location  System  are  shown  in  Figure  11.  The  DTM  Design  System  is  similar 
while  the  Economic  Analysis  Stage  requires  several  man-to-machine  and 
machine-to-man  information  exchanges.  The  existence  of  so  many  man- 
machine  interchanges  naturally  led  to  the  development  of  graphical  mach- 
ine generated  output  as  an  integral  part  of  the  system.  Early  versions 
of  the  DTM  System  produced  some  character  plots  by  listing  specially 
prepared  cards  on  an  IBM  1+07  accounting  machine.  Such  plots  are  of 
limited  use  due  to  their  low  resolution  and  the  delays  involved  in  their 
production.  More  recent  versions  of  the  DTM  System  incorporate  capabil- 
ities for  the  production  of  continuous-line  plots  from  an  on-line  CALCOMP 
plotter.  The  plots  ere  produced  more  or  less  concurrently  with  the 
design  process  and  are  valuable  additions  to  the  analysis  of  many  factors. 
The  ultimate  version  of  the  DTM  System  is  shown  in  Figure  12. 

The  ROADS  System 
The  MIT  Department  of  Civil  Engineering  has  in  recent  years  been 
developing  an  Integrated  Civil  Engineering  System  known  as  ICES.  ICES 
is  designed  for  easy  programming  of  engineering  problems  on  IBM  System/360 
Computers  through  the  use  of  a  simplified  computer  language.  Various 
subsystems  of  ICES  are  being  developed  to  solve  problems  in  various  areas 
of  civil  engineering.  Of  these  subsystems  COGO,  for  coordinate  geometry 
computations;  BRIDGE  for  bridge  design;  and  ROADS,  for  highway  location 
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Terrain    Preporotion    Phase 


Terrain    Pre  para  t  ion/Edit 


Roadway  Design 
Input  Forms  I  and  2 


Matt  Haul  Dfogrom 


( after    Roberts    and    Suhr  bier  ) 
FIGURE    II.     FLOWCHART      OF      THE      DTM       LOCATION 
SYSTEM      SHOWING      INTERACTIONS. 
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and  design,  have  particular  application  to  highway  route  analysis. 

While  not  yet  officially  released,  ROADS  is  understood  to  be  an 
expanded  version  of  the  DIM  System  containing  some  advanced  capabilities. 
When  available,  it  should  assist  in  further  developments  in  highway 
location  analysis. 

The  CARD  System 

Lowe,  Young  and  Lister  [60]  have  developed  a  Computer  Augmented 
Road  Design  (CARD)  system.  The  system  has  been  applied  experimentally  to 
road  design  in  Britain,  and  performs  design  functions  similar  to  those 
performed  by  the  latest  versions  of  the  DTM  system. 

The  CARD  system  can  be  subdivided  into  three  parts :- 

a)  terrain  data  reduction  and  collation 

b)  horizontal  and  vertical  alignment  design 

c)  assessment  of  the  designs. 

The  system  was  programmed  for  a  medium  sized  computer  of  British  design 
(an  Elliott  803).  As  discussed  in  Chapter  I,  Lowe,  Young,  and  Lister 
discovered  that  a  computer-aided  design  procedure  was  the  most  practical 
approach  with  present  technology.  Thus  man-machine  interchanges  of  in- 
formation were  developed  as  part  of  the  overall  system. 

Terrain  elevations  obtained  from  ground  or  aerial  surveys  are 
reduced  to  grid  elevations  by  interpolation.  A  grid  size  of  50  feet  is 
the  usual  standard.  Computer  generated  contour  maps  are  produced  at  a 
scale  of  1:2,500  by  an  on-line  digital  (incremental)  plotter.  Such  maps 
are  used  to  verify  the  terrain  data. 

After  studying  the  terrain  and  other  factors,  the  design  engineer 
can  select  a  horizontal  alignment  by  defining  curve  radii  and  the 
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eoocrdinate»  of  tangent  intersections.     Hie  cccputer  refines  this  data, 
develops   a  detailed  centerline  location,    and  calculates  and  plots  a 
longitudinal  profile. 

Vsine  this  longitudinal  profile  tie  engineer  prepares  a  vertical 
alignment.     This  is  refined  by  the  ccsaputer  to  give  elevations  at  fifty 
foot  intervals,    of  the  roadway   center   and  edges,   talcing  into  account 
super- elevation  considerations. 

Computer- generated  perspective  views  of  the  roadway,   machine  calcu- 
lated earthwork,  quantities  and  autocratically  plotted  cross-sections  are 
used  in  the   assessment  of  the  proposed  iesigr.s. 

The  systee  designers  suggest  that,   on  the  oasis  of  limited  testing, 
the  CARD  system  reduces   design  costs  about  six  tises  and  design  tine 
about   fifteen  times. 

Tr.e   71.":    Zystez 

Tnis    system  was   developed  in  Trance.      ~ne  initials   ZZ.11   stand  for 
the  system  title,   in  Trench,   which  may  be  translated  as  laaposed  Seoaetric 
Zlectrcnic  Design    _?,    ;    .•     leveiopment  began  in  l?c2,    ami  an  improved 
second  version  became  available  in  196"7 •     Since  13c5  >   the  TE.H   system 
r.as   aided  in  the  design  of  70C  miles  of  divided  highway  each  year;    so«e 
200C  miles   of  "freeway  style"   highways  have  been  designee  to   date  using 
this  program  [30] .     These  figures  indicate  this   system  to  be  by  far  the 
nest  widely  used   of  all  the   systems    so   far  proposed.     Like  the  other 
systems,    it   includes   computer- generated  graphical  output  as  an  aid  in 
man-machine  information  exchanges. 

The  program  utilizes  a  "numerical  ground  image,"  which  is  "e  set  of 
points    z~.  the   ground,    suitably   distributed  alonj 
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(3)  slope-stake  plots  showing  the  outward  limits  of  cuts- or- fills. 

The  sixth  section  can  produce  two  types  of  computer- generated  plots. 
A  map  of  the  alignment,  showing  centerline,  pavement  edges,  and  slope 
limits  can  be  produced  for  the  entire  alignment.  Alternatively,  a  per- 
spective view  can  be  prepared  for  any  requested  point  in  the  alignment 
to  give  a  driver's  impression  of  the  finished  project.  A  series  of  such 
views  can  be  requested  and  assembled  to  produce  a  cartoon-type  movie  of 
the  driver's  view  while  driving  along  the  road. 

Computer-Generated  Driver's  Eye  Movies 
The  DTM,  CARD,  and  TE.GI  systems  all  use  computer- generated  graphics 
as  an  aid  in  information  exchange  and  design  evaluation.  The  value  of 
such  graphical  aids  should  not  be  underestimated.  Highways  are  geometri- 
cal entities  and  the  visualization  of  their  designs  before  construction 
is  an  aid  in  improving  design  standards  and  continuity. 

The  manual  production  of  large  numbers  of  accurate  perspective  draw- 
ings required  to  produce  driver's  eye  movies  is  impractical.  In  i960 
"Perspectographs",  machines  which  optically  created  perspective  projec- 
tions from  horizontal  and  vertical  projections,  were  developed  and  used 
in  France  to  aid  in  preparing  sketches  of  road  alignments  [30].  With 
such  a  machine,  two  skilled  operators  could  prepare  one  perspective  pro- 
jection in  a  half  a  day.  Such  a  production  rate  was  much  too  slow  except 
for  special  studies. 

In  recent  years  a  number  of  comparatively  low-cost  commercial  digital 
incremental  plotters  have  become  available.  By  suitable  programs,  these 
convert  numerical  values  into  small  step  movements,  generally  0.01  inch 
or  less,  and  thus  produce  accurate  line  plots  in  ball-point  or  india-ink. 
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Much  more  expensive  cathode  ray  tube  (CRT)  display  devices  are  also 
available.  These  have  the  advantage  of  having  display  times  (of  the 
entire  image)  of  less  than  one  second,  as  opposed  to  several  minutes  for 
similar  images  on  the  incremental  plotters. 

As  graphical  output  devices  became  available  perspective  plotting 
of  roadway  elements  was  attempted.  At  least  four  groups  are  currently 
working  on,  or  have  recently  utilized,  perspective  plotting  applications 
to  highway  design.  These  groups  are:- 

1)  a  British  group  connected  with  the  CARD  system  [60] 

2)  a  French  group  connected  with  the  TE.GT  system  [9,  JO] 

3)  the  Ontario  Department  of  Highways  [29] 
k)     the  Texas  Transportation  Institute  [85]. 

The  first  two  groups  applied  perspective  plotting  of  roadway  elements 
as  part  of  their  respective  system  designs.  Perspective  plots  were  used 
as  a  final  route  assessment  procedure.  The  French  system  appears  to  be 
more  advanced  and  has  been  applied  to  the  problems  of  sign  posting  and 
underpass  design,  as  well  as  to  the  study  of  rural  highway  sight  distances 
Generally  the  computer- generated  output  needs  additional  shading,  elimina- 
tion of  hidden  lines,  and  so  on.  This  is  accomplished  by  human  draftsmen 
at  the  rate  of  one  perspective  per  man-hour  [30] . 

The  Ontario  Department  of  Highways  system  is  designed  for  analysis 
of  the  corridor  as  a  whole,  as  well  as  for  alignment  design.  Corridors 
are  represented  either  by  a  series  of  cross-sections  lying  perpendicular 
to  the  line  of  sight,  or  by  a  series  of  grid  lines.  Movies  of  these 
corridors  are  produced  with  viewing  heights  of  perhaps  100  feet  above  the 
ground.  Later,  specific  alignments  are  checked  by  driver' s-eye  movies. 
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The  Texas  system  is  utilized  to  check  specific  alignment  problem 
sections.  Problems  of  roadside  sign  placement,  interchange  visibility, 
and  loss  of  sight  distance  are  studied  for  particular  areas. 

Costs  of  such  procedures  vary  with  the  types  of  computers  and  plot- 
ters used  and  with  the  details  shown  on  the  prepared  views.  Costs  for 
the  French  system  are  reported  as  approximately  $2.00  per  view  [30] . 
However,  through  equipment  modifications  the  French  hope  to  reduce  their 
costs  to  $0.20  per  view.  The  Texas  system  reports  about  $1.25  per  view 
[85].  Costs  for  the  other  systems  are  not  available. 

Although  the  present  research  made  extensive  use  of  computer- genera- 
ted contour  maps,  no  attempt  was  made  to  develop  computer- generated  per- 
spective drawings  as  part  of  this  project.  Use  of  computer- generated 
movies  to  study  the  general  characteristics  of  alternative  routes,  as 
suggested  by  the  Ontario  Department  of  Highways,  appears  to  be  a  logical 
and  useful  extension  of  the  computer  graphics  capabilities. 
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CHAPTER  III 
REVIEW  OF  PROCEDURES  TO  BE  EVALUATED 

Numerical  Surface  Analysis  Procedures 
The  analysis  and  interpretation  of  spatially  or  functionally  related 
observations  involves  a  number  of  inter-related  steps  which  may  be  col- 
lectively called  numerical  surface  analysis  procedures.  These  individual 
steps  require,  to  varying  degrees,  some  type  of  graphical  display  so  that 
the  results  of  the  analysis  can  be  readily  understood.  The  most  common 
form  of  graphical  display  for  three-dimensional  data  is  the  contour  (or 
isopleth)  map.  Maps  are  a  basic  form  of  geographic  communication  because 
they  supply  information  with  the  immediacy  of  a  single  picture,  rather 
than  serially  in  the  form  of  many  observations. 

Review  of  the  various  numerical  surface  analysis  procedures  indicates 
that  at  least  three  classes  of  procedures  may  be  recognized.  These 
classes  are:- 

1)  subjective  methods, 

2)  semi-objective  methods,  and 

3)  objective  methods. 

Figure  13,  developed  from  a  chart  prepared  by  Chorley  and  Haggett  [17]» 
shows  these  three  classes  and  lists  the  important  procedures  belonging 
to  each.  The  three  classes  have  an  historical  basis.  The  subjective 
methods  predate  the  debut  of  digital  computers  as  research  tools;  the 
semi-objective  methods  in  part  were  developed  during  the  1950' s  when  the 
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best  computers  were  quite  crude  by  today's  standards;  the  objective 
methods  reflect  the  use  of  increasingly  sophisticated  mathematical  and 
statistical  procedures  on  modern  computers.  The  subjective  and  semi- 
objective  methods  are  concerned  primarily  with  map  production  and  contain 
few,  if  any,  statistical  tests.  The  more  recent  objective  methods  norm- 
ally include  statistical  tests,  and  are  often  entirely  based  on  statist- 
ical theory. 

A  detailed  examination  of  the  various  statistical  concepts  used  by 
the  objective  methods  is  beyond  the  scope  of  this  thesis.  However,  a 
description  of  the  numerical  surface  analysis  procedures  shown  in  Figure 
13  allows  for  the  introduction  of  appropriate  techniques  into  the  current 
research  and  also  serves  to  show  the  general  utility  of  these  procedures. 
Conversion  of  statistical  concepts  to  applied  numerical  surface  analysis 
procedures  has  been  accomplished  largely  by  earth  scientists  and  the  lit- 
erature cited  reflects  this  fact. 

Subjective  Methods 
As  shown  in  Figure  13»  the  subjective  methods  are  grouped  into 
either  graphical  procedures  or  grid/ filter  procedures.  Any  graphical 
method  involves  considerable  ambiguity  since  it  depends  to  some  extent  on 
subjective  decisions  by  the  operator.  A  graphical  method  using  a  contour 
smoothing  technique  of  extremely  subjective  nature  was  described  by 
Wooldridge  and  Linton  [132] .  The  most  commonly  used  techniques  involve 
the  construction  of  several  parallel  or  intersecting  profiles  which  are 
smoothed,  generally  by  eye,  then  adjusted  until  a  set  of  internally  con- 
sistent values  is  obtained  on  a  rectangular  grid.  These  grid  values  are 
used  to  produce  a  contour  map  [51.  8o]. 
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The  second  group  of  selective  methods,  the  grid/ filter  type  are 
largely  restricted  to  center  point  and  ring  techniques.  In  their  simp- 
lest form,  a  circle  of  unit  radius  is  centered  on  each  grid  point  and 
values  obtained  by  interpolation  on  the  circumference  are  averaged  to 
give  the  center  grid-point  value  [33>5l].  More  complex  multiple-ring 
methods  have  been  devised  and  are  widely  applied  to  geophysical  prospect- 
ing [80]. 

Haggett  [3h]   used  another  but  similar  technique,  the  hierarchical 
quadrat  method,  in  which  a  series  of  square  cells  (quadrats)  of  increas- 
ing area  are  drawn  around  each  control  point  and  average  values  obtained. 
Large  quadrats  produce  maps  showing  broad  regional  trends  while  small 
quadrats  produce  maps  sensitive  to  local  fluctuations  in  the  data. 

Semi -Objective  Methods 

The  two  most  important  semi-objective  methods  are  the  expected- 
values  procedure  and  various  weighted  moving  average  procedures. 

The  expected-values  method  was  developed  to  provide  a  more  objective 
criterion  for  subdividing  an  observation  into  local  and  regional  compon- 
ents [51].  The  mean  values  of  the  rows  and  columns  of  rectangular  arrays 
of  control  points  are  used  to  compute  the  expected  value  of  a  point  in 
terms  of  the  characteristics  of  both  the  row  and  the  column  in  which  it 
lies.  These  expected  values  are  considered  to  represent  the  regional 
component.  The  differences  between  the  expected  values  and  original 
control  point  values  are  considered  to  represent  the  local  component. 

Weighted  moving  average  procedures  include  many  computational  varie- 
ties. A  method  developed  by  Tobler  [113 1  was  extensively  used  in  the 
current  project  to  interpolate  irregularly  spaced  observations  to  regularly 
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spaced  (gridded)  values,  a  necessary  preliminary  to  the  performance  of 
many  objective  comparison  tests  and  the  production  of  computer-generated 
contour  maps. 

A  weighted  moving  average  procedure  determines  the  value  of  each 
grid  point  from  the  values  of  a  set  number  of  nearby  original  data  points. 
These  observations  are  weighted  in  importance  depending  on  their  relative 
distance  to  the  grid  point  being  evaluated.  The  selection  of  the  weight- 
ing function  and  of  the  number  of  points  to  be  used  in  the  evaluation  is 
a  subjective  decision  which  has  to  be  made  by  the  operator  [123]. 
Objectivity  is  given  to  the  procedure  by  its  adjustment  of  the  "area  of 
influence"  for  each  interpolation  to  the  local  original  sampling  density. 
Thus  the  technique  is  best  considered  as  semi-objective  since  the  same 
procedure  will  give  consistent  results  to  any  particular  set  of  data,  but 
the  choice  of  the  "best"  procedure  requires  subjective  decisions  on  the 
part  of  the  operator. 

Empirical  testing  of  an  algorithm  developed  by  Tobler  [113]  indicated 
that  it  "gives  reasonable  results . . . .which  are  comparable  with  those 
obtained  by  the  fitting  of  local  polynomials,  but  is  computationally  much 
simpler."  Further  testing  during  the  current  research  suggests  that  the 
algorithm  smoothes  the  data  a  maximum  of  10  percent  of  the  data  range  for 
highly  erratic  data,  but  that  the  smoothing  rarely  exceeds  two  percent  of 
the  data  range,  for  commonly  encountered  data.  The  algorithm  was  program 
med  in  the  MAD  language  by  Tobler  and  translated  into  Fortran  IV  by 
Turner  [LU-]  as  part  of  this  research  project. 
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Objective  Methods 

The  objective  methods  in  Figure  13  include  a  great  variety  of  pro- 
cedures which  are  grouped  into  four  subsections:   (l)  vector  analysis 
procedures,  (2)  power- spectra  analysis  procedures,  (3)  surface  comparison 
procedures,  (h)   regression  procedures.  Of  these,  only  power  spectra 
analysis  procedures  were  not  utilized,  at  least  to  some  degree,  in  this 
research. 

Vector  Analysis  Procedures:-  Vector  analysis  procedures  are  designed 
to  develop  statistical  measures  of  vector  orientations  and/ or  dispersions. 
They  are  subdivided  into  those  techniques  which  ignore  the  directional 
or  symmetry  aspects  of  the  vector  distributions  and  those  which  take 
symmetry  aspects  into  account.  This  latter  type  has  been  evaluated  by 
Loudon  [58,  59]  and  Whitten  [130]  in  studying  the  geometry  of  folded 
strata.  Their  procedures  involve  the  use  of  eigenvectors  as  a  rotation 
matrix  to  transform  direction  cosines  of  field  observations  measured  with 
respect  to  arbitrary  axes  to  the  framework  of  the  principal  fold  axes. 
The  resulting  eigenvalues  are  measures  of  fold  characteristics  parallel 
to  each  axis.  Loudon  also  developed  methods  of  computing  six  fold-shape 
attributes  which  are  independent  of  fold  size  [58].  The  symmetry  pro- 
cedures are  not  utilized  in  the  current  research. 

The  analysis  of  surface  roughness,  defined  as  "the  presence  of  non- 
systematic  elevation  changes,"  is  an  application  of  vector  analysis  pro- 
cedures that  ignores direction  or  symmetry  considerations.  Under  such 
conditions  a  different  type  of  analysis  is  possible,  and  is  for  conven- 
ience labeled  "roughness  analysis  techniques,"  in  Figure  13. 
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Roughness  analysis  techniques  are  based  on  the  theoretical  work  of 
Fisher  [26]  which  has  been  amplified  and  developed  by  Watson  [121] , 
Steinmetz  [107],  and  Hobson  [1+1].  Hobson  developed  a  FORTRAN  IV  computer 
program  which  was  adapted  by  Turner  and  Miles  [119]  and  applied  to  ter- 
rain roughness  determinations. 

The  computations  are  quite  simple.  V/ithin  a  rectangular  array  of 
elevation  readings,  a  set  of  intersecting  triangular  planar  surfaces  is 
defined  by  groups  of  three  adjacent  values  as  shown  in  Figure  11+-A.  Two 
different  sets  of  triangles  (Type  1  and  Type  2)  are  obtained  from  the 
same  data  array  by  redefining  the  triangle  corners  as  shown  in  Figure 
14-B.  Normals  to  these  planar  elements  are  represented  by  unit  vectors. 
Fisher's  dispersion  factor,  K,  [26,  1+1,  1191  indicates  the  variability 
or  spread  of  the  unit  vectors;  it  takes  on  small  values  for  highly  dis- 
persed distributions  characteristic  of  "rough"  areas  (Figure  14-D)  and 
extremely  high  values  for  low  dispersions  characteristic  of  "smooth" 
areas  (Figure  lU-C). 

Turner  and  Miles  [119]  analyzed  twenty- five  terrain  types,  as  shown 
in  Table  2.  Thirteen  were  measured  on  standard  topographic  quadrangle 
maps  and  with  one  exception  were  located  within  Indiana.  A  further 
twelve  analyses  were  made  on  specially  surveyed  micro- terrain  maps  pre- 
pared by  Stone  and  Dugundji  [108] .  As  a  result  of  these  analyses  the 
following  conclusions  were  made:- 

1)  roughness  analysis  can  be  performed  at  any  scale,  provided 
suitable  maps  or  elevation  data  are  available. 

2)  Fisher's  dispersion  factor,  K,  is  an  excellent  descriptor  of 
terrain  roughness.  Because  of  the  very  large  range  of  K 
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DEFINITION    OF    TRIANGULAR    PLANES    FROM     ELEVATION    MATRIX 
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FIGURE  14.    PROGRAM    VECTOR  ANALYSIS    PROCEDURES 
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FIGURE    15.     EFFECT     OF     TRIANGLE      TYPE      ON       "K" 
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TABLE  2 
RESULTS  OF  PROGRAM  VECTOR  ANALYSES 


Test  Site 
Number 

Terrain  Type 

Elevation 
Range   (ft) 

Roughness 
K 

log  K 

Varia- 
bility 
v   (ft) 

A .     Turne 

r  and  Miles  Test  Sites 

02393-1 

escarpment 

315 

85 

1.929 

163.5 

02393-3 

escarpment 

278 

82 

1.91U 

11+5.1 

03022-1 

hills 

31+0 

397 

2.599 

131.0 

021+87-1 

hills 

277 

220 

2.31*2 

118.5 

02039-2 

hills 

212 

158 

2.199 

96.5 

W-l 

drumlins 

183 

222 

2.31*6 

78.3 

02039-1 

karst  plain 

166 

723 

2.859 

57.2 

02039-3 

karst  plain 

170 

1329 

3.121* 

51*. 6 

02393 

plateau 

81 

1759 

3.21+5 

25.0 

02393-2 

ridge  moraine  and  dunes 

53 

2892 

3.1*61 

15-3 

02329-2 

ground  moraine 

60 

21+661+ 

i*.392 

13-7 

02329-1 

outwash  plain 

28 

1802U 

U.256 

6.6 

02625-1 

ground  moraine 

26 

3001*1+ 

i*.i*78 

5.8 

B .     Stone 

and  Dungundji  Site   (suba 

re  a  numbers 

are  figure 

numbers 

) 

M-29 

Boulder- free  wadi 

25.0 

31 

1.1*91 

16.8 

M-57 

Pleistocene  lake  terrace 

10.8 

51 

1.708 

6.3 

M-33 

Micro-badlands 

9.0 

117 

2.068 

!*.!+ 

M-U5 

Sand-sheet 

10.5 

309 

2.1*90 

1*.2 

M-l*9 

Complex  dunes 

8.7 

161 

2.207 

3-9 

M-53 

Turret  dunes 

7.0 

133 

2.121* 

3-3 

M-l+1 

Playa  drainage  channels 

5-3 

233 

2.367 

2.2 

M-37 

Floodplain  mounds 

3-0 

269 

2.1*30 

1.2 

M-39 

Floodplain  ridges 

2.3 

I89 

2.276 

1.0 

M-35 

Salt  polygons 

l.k 

102 

2.009 

0.7 

M-l+7 

"Devil's  Cornfield" 

1.15 

975 

2.989 

0.1* 

M-55 

Playa 

0.1+7 

371*773 

5.573 

0.081* 

(after  Turner  and  Miles) 
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values,  the  log  K  transformation  is  frequently  useful.  A 
terrain  variability  factor,  v,  defined  as  the  range  in  eleva- 
tions in  feet  of  the  sample  site  divided  by  log  K,  was  also 
found  to  be  a  useful  statistic.  The  variability  values  are 
large  in  "rough"  areas  of  high  relief  and  small  in  smooth 
areas  of  low  relief. 
3)  Roughness  values  appeared  independent  of  type  of  triangle 

used  in  the  analysis.  This  is  shown  in  Figure  15. 
k)     The  roughness  values  are  strongly  related  to  measures  of 

slope,  such  as  log  (variance  of  dips)  and  log  (maximum  dip), 
but  not  to  direction  of  slope  as  shown  by  log  (variance  of 
strikes).  These  results  are  shown  in  Figure  l6,  where  r  is 
the  linear  regression  coefficient  which  measures  the  slope 
of  the  regression  line. 
5)  A  filtering  action  causes  the  orientations  of  the  triangular 
planar  elements  to  become  progressively  poorer  estimators  of 
the  true  terrain  roughness  as  the  grid  spacing  increases. 
Thus  the  investigator  must  consider  the  effect  of  sample 
spacing  on  roughness  estimators  when  performing  this  type  of 
analysis. 
The  almost  horizontal  regression  line  resulting  from  analysis  of  log 
(variance  of  strikes)  and  log  (K),  shown  in  Figure  l6-C,  merely  substan- 
tiates that  this  procedure  does  not  take  symmetry  arguments  into  account. 
Variability  factors  obtained  for  typical  terrain  situations  are  used  in 
this  research  to  devise  stratified  terrain  sampling  techniques.  This 
application  is  described  later  in  the  thesis. 
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Power  Spectrum  Analysis  Procedures:-  Power  spectrum  analysis  pro- 
cedures are  currently  being  extensively  investigated  by  earth  scientists, 
[2k,   87,  88,  9°] •  Results  to  date  indicate  several  possibilities  for 
these  procedures,  particularly  as  a  classification  tool. 

The  basic  approach  is  to  apply  techniques  previously  developed  by 
electrical  engineers  to  analyze  signals  that  are  largely  random  in  nature. 
If  these  procedures  can  be  applied  to  geological  data,  which  is  definitely 
"noisy"  in  nature,  it  is  hoped  that  greater  insight  can  be  gained  into 
fundamental  relationships  masked  by  the  noise.  Early  results  show 
promise,  [2k,   87]  and  there  is  hope  that  these  techniques  may  aid  in 
determining  the  point  where  regional  and  local  components  are  most  effec- 
tively separated  in  regression  analysis,  a  recurring  problem  in  certain 
forms  of  regression  procedures.  No  attempt  was  made  to  apply  these  tech- 
niques to  this  research,  however. 

Surface  Comparison  Procedures:-  Many  methods  of  quantitatively 
measuring  the  similarity  of  surfaces  have  been  described  in  the  geologi- 
cal and  geographical  literature.  Little  agreement  exists  on  a  single 
best  method  because  as  Miller  [72]  states;  "The  problem  of  di vising 
quantitative  standards  for  comparing  contour  maps  is  very  complicated. 
Difficulties  appear  at  the  very  onset,  in  asking  just  what  is  to  be  com- 
pared." Two  broad  categories  of  techniques  can  be  distinguished. 

In  the  first  category  are  found  techniques  which  utilize  the  coeffi- 
cients of  equations  which  describe  the  surfaces  being  compared.  As  des- 
cribed in  the  following  section,  regression  techniques  are  an  important 
and  popular  numerical  surface  analysis  procedure;  thus  comparison  of 
coefficients  is  a  natural  and  suitable  procedure  in  many  cases.  Merriam 
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and  Sneath  [68]  calculated  a  statistic  termed  "the  taxonomic  distance," 
from  the  standardized  coefficients,  and  used  it  to  measure  the  similarity 
of  trend  maps.  Rao  and  Srivastava  [89]  computed  a  similar  distance 
function.  Miller  [72]  utilized  graphical  methods  to  compare  coefficients. 

In  many  cases  the  surfaces  to  be  compared  are  empirical  and  are  not 
amenable  to  description  by  comparatively  simple  equations.  Comparison 
of  these  surfaces  involves  the  second  category  of  comparison  procedures. 
Miller  suggested  a  visual  matching  of  two  maps  and  recording  of  the 
transformations  and  rotations  required  to  obtain  a  best  fit.  Mirchink 
and  Bukhartsev  [75]  described  a  "structural  correlation  coefficient"  to 
be  calculated  from  the  absolute  values  of  any  two  surfaces  at  a  series 
of  equivalent  locations. 

Tobler  [112]  described  a  similar  technique  of  "cross-correlation." 
The  procedure  required  both  surfaces  be  evaluated  on  identical  regular 
grids.  The  calculation  of  the  simple  correlation  coefficient  by  matching 
each  grid  value  with  its  corresponding  grid  value  of  the  other  map  gives 
a  single  number  indicative  of  the  similarity  of  the  two  maps.  A  value 
of  plus-one  indicates  perfect  correspondence,  zero  indicates  no  corre- 
spondence, while  a  value  of  minus-one  indicates  perfect  inversion. 
Tobler  suggested  the  technique  be  carried  further  to  allow  a  limited 
shifting  of  one  map  with  respect  to  the  other.  Computing  the  cross- 
correlation  coefficient  resulting  from  the  comparison  of  each  grid  value 
on  the  first  map  with  a  grid  value  displaced  any  unit  number  of  rows  or 
columns  on  the  second  map  allows  the  researcher  to  shift  the  two  maps 
left  or  right,  up  or  down;  however  rotations,  except  in  units  of  90 
degrees,  are  not  possible.  The  various  cross-correlation  coefficients 
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may  be  plotted  on  a  correlogram  with  the  direct  comparison  value  at  the 
center  and  the  various  shifted  or  "lagged"  correlations  located  at  appro- 
priate relative  positions.  According  to  Tobler  such  correlograms  show 
any  assymmetry  or  cyclicity  in  the  similarities  of  the  two  maps. 

Rao  and  Srivastava  [89]  compared  two  sets  of  data  in  five  ways. 
Regression  analysis  was  used  to  fit  trend  surfaces  which  were  compared 
by  analysis  of  variance  techniques.  Error  measures  of  the  various  coef- 
ficients were  compared.  Comparisons  were  also  made  on  the  basis  of  root- 
mean  square  (RMS)  error  computations,  calculation  of  a  distance  function 
similar  to  the  Merriam  and  Sneath  procedure,  and  through  the  use  of 
serial  and  cross-correlation  procedures.  Their  paper  gives  a  good  review 
of  the  various  possible  surface  comparison  procedures. 

Regression  Procedures:-  Of  all  the  numerical  surface  analysis  pro- 
cedures described  or  proposed,  that  of  fitted  regressions  has  been  the 
most  popular  with  earth  scientists.  Geologists,  geophysicists,  and 
geographers  have  sought  trends  from  various  types  of  spatial  data  and 
this  quantitative  technique  was  one  of  the  first  to  be  utilized  for  this 
purpose.  In  spite  of  considerable  work  in  the  area,  it  remains  a  topic 
of  continuing  research  interest. 

Regression  procedures  are  greatly  involved  in  statistical  theory 
and  procedures.  In  the  following  discussion,  a  basic  understanding  of 
statistics  is  assumed  of  all  readers.  Those  interested  in  more  thorough 
treatments  of  all  aspects  of  statistics  are  referred  to  standard  texts 
such  as  Dixon  and  Massey  [22],  or  Ostle  [8k],   and  to  Draper  and  Smith 
[23] »  for  a  lucid  discussion  of  regression  procedures.  Reference  is  also 
made  to  two  texts  dealing  with  statistical  applications  to  geology; 
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Miller  and  Kahn  [73],  and  Krumbein  and  Graybill  [56]. 

Two  broad  categories  of  regression  procedures  are  recognized;  the 
general  linear  model,  and  nonlinear  models.  The  general  linear  model  is 
of  the  form 

Y  =  BQ  +  B^  +  B2Z2  +  +  BpZp  +  €  (l) 

where  the  Z.  can  represent  any  function  of  the  basic  independent  vari- 
ables X1  ,  Xp,  ....,  X,  .  Such  a  model  is  termed  linear  because  it  is 
linear  in  the  parameters.  Thus  all  the  following  are  linear  models. 

Y  =  BQ  +  B^  +  B^2  +  BJC^  +  BjX^  +  €  (2) 
log  Y  =  BQ  +  B1(logX1)  +  B2(logX1)2  +  €                     (3) 

Y  =  BQ  +  B^  +  B^2  +  B5/X35  +  €  (10 

While  such  models  can  represent  a  wide  variety  of  relationships,  there 
are  many  situations  in  which  a  model  of  this  form  is  not  appropriate. 
Models  which  are  not  linear  in  the  parameters  are  termed  nonlinear  models, 
Two  examples  of  such  models  are: 

Y  =  exp  (9±   +  Opt2  +  e)  (5) 

9         -St   -e.t 

Y  =3-T  (€  2  -  e  X   )  +  €  (6) 

1"  2 

In  these  examples  the  parameters  to  be  estimated  are  denoted  by  0's 
rather  than  B's  as  used  previously.  The  models  (5)  and  (6)  are  both 
nonlinear  in  the  sense  that  they  involve  9     and  9     in  a  nonlinear  way  but 
are  of  different  characters.  Model  (5)  can  be  transformed  into 

lnY  »  9    +  ©2t2  +  e  (5a) 

-which  is  linear  in  the  parameters.  Thus  model  (5)  is  intrinsically 
linear  since  it  can  be  transformed  into  linear  form.  However  it  is 
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impossible  to  convert  model  (6)  into  a  linear  form  without  an  approxi- 
mation of  some  kind,  such  as  a  power  series  expansion,  and  thus  it  is 
said  to  be  intrinsically  nonlinear  [23]. 

Nonlinear  regression  analysis  has  been  investigated  by  geologists 
only  to  a  limited  extent  [k-9].     A  lack  of  definite  information  on  the 
relationships  between  process  and  response  variables  in  geologic  systems 
delayed  the  consideration  of  such  models. 

Surfaces  determined  by  linear  regression  models  can  be  further  sub- 
divided into  two  types;  trend  surfaces  and  response  surfaces.  These 
differ  from  each  other  only  in  the  complexity  of  the  surface  portrayed 
by  the  model.  The  term  "trend"  (i.e.,  trend  surface)  was  defined  by 
Grant  [32]  as  that  which  "can  adequately  be  described  by  a  polynomial  of 
low  order."  Since  then  the  term  trend  surface  has  been  extended  to 
include  double  Fourier  series  expansions  as  well  as  the  original  poly- 
nomial expansion  [38,  kl ,   k8,   130].  When  the  polynomial  expansion  is 
used,  trend  surfaces  are  usually  classified  according  to  their  "degree." 

The  degree  of  an  equation  refers  to  the  highest  power  of  the  polynomials 

2         2 
found  within  it;  thus  the  presence  of  any  of  the  terms  x  ,  xy,  or  y  is 

sufficient  to  raise  an  equation  to  the  second  degree.  Some  writers 

alternatively  classify  trend  surfaces  as  linear,  quadratic,  linear  plus 

quadratic,  etc.,  according  to  the  powers  of  the  terms  included.  Krumbein 

[5^,  55]  and  James  [k&]   have  studied  the  properties  of  "coefficient 

spaces"  and  have  classified  Fourier  series  trend  surfaces  into  "harmonics". 

The  division  between  trend  surfaces  and  response  surfaces  is  not 

clearly  defined.  Krumbein  and  Graybill  state  "the  trend  seldom  extends 

above  the  fifth  or  sixth  degree."  Sampson  and  Davis  [98]  and  Davis  [19] 
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refer  to  trend  surfaces  as  "a  variety  of  response  surfaces. .. .in  which 
two  independent  geographic  variables  are  used,"  and  refer  to  response 
surfaces  as  "power- function  regressions  in  which  independent  variables 
are  geographic  coordinates."  They  suggest  that  multidimensional  response 
surfaces  are  possible,  although  their  analyses  have  been  restricted  to 
four-dimensional  response  surfaces  [19,  98].  Thus,  their  response 
surfaces  correspond  to  the  hypersurfaces  of  Harbaugh  [36].  Response 
surface  analyses  have  been  used  to  study  mineralogical  changes  within 
rock  bodies  [19,  86,  98],  and  oil  gravity  data  [36]. 

The  earliest  regression  applications  involved  simple  polynomial 
expansions  to  determine  regional  (trend)  components  of  geophysical  data 
[32,  33.  51,  80,  83,  10U].  On  early  computers  use  of  orthogonal  poly- 
nomials gave  distinct  computational  advantages  since  they  have  the  pro- 
perty of  lower  terms  remaining  constant  as  further  terms  are  added. 
Under  such  circumstances  fairly  complex  regression  equations  could  be 
built  up  on  small  computers.  Orthogonal  polynomials  require  equally 
spaced  data  points  however,  and  this  restriction  led  to  the  development 
of  ingenious  techniques  to  transform  irregularly  spaced  data  [52,  73]. 

The  advent  of  larger,  faster,  and  more  accurate  computers  allowed 
the  implementation  of  matrix  algebra  techniques  to  the  solution  of  large 
numbers  of  simultaneous  equations[23,  56].  It  became  practical  to  re- 
compute all  parameters  for  each  surface  being  fitted,  to  use  nonortho- 
gonal  polynomials,  and  to  remove  most  of  the  restrictions  on  data  dis- 
tributions. Several  computer  programs  [78,  82,  III4-,  128]  are  available 
to  fit  polynomial  trend  surfaces.  The  Fortran  IV  program  used  in  this 
research  is  an  adaptation  of  a  program  developed  by  Johnson  and  Goodell 
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[50],  and  is  described  in  detail  by  Turner  [ll^].  A  Fortran  IV  program 
developed  by  James  [k'j]  to  fit  double  Fourier  series  trend  surfaces  was 
also  adapted  for  use  in  this  research. 

Trend  Surface  Analysis  Techniques 

Trend  surface  analysis,  as  developed  by  earth  scientists,  represents 
a  special  use  of  regression  procedures  and  of  the  statistical  theory  on 
which  such  procedures  are  based.  In  the  usual  case,  regression  analysis 
develops  a  mathematical  model  to  explain  certain  observed  characteristics 
found  in  data.  The  researcher  is  anxious  to  obtain  a  "good  fit"  of  the 
model  to  his  data.  However  in  general  a  "total  fit"  of  the  model  to  the 
data,  in  which  the  model  perfectly  honors  all  observations,  is  neither 
desired  nor  obtained.  Except  in  special  cases,  such  a  perfect  fit  would 
occur  only  if  the  model  contained  as  many  terms  as  there  were  observations. 
In  addition  to  being  complex,  such  "total  fit  models"  are  often  unduly 
constrained  and  unrealistic. 

In  contrast,  trend  surface  analysis,  as  used  in  this  research,  is 

based  on  a  slightly  different  premise.  Krumbein  and  Graybill  [56] 

explain  this  as  follows :- 

"Trend  surface  analysis  may  be  defined  as  a  procedure  by  which  each 
map  component  is  divided  into  two  or  more  parts:  some  associated 
with  the  "large-scale"  systematic  changes  that  extend  from  one  map 
edge  to  the  other,  and  others  associated  with  "small-scale," 
apparently  non- systematic  fluctuations  that  are  superimposed  on  the 
large-scale  patterns." 

However  the  term  "trend  surface  analysis"  is  frequently  misused  in  the 
literature  and  on  occasion  complex  "response  surfaces"  have  been  mis- 
named "trend- surf aces." 
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Figure  17  shows  schematically  the  types  of  information  that  is  ob- 
tained from  a  true  trend  surface  analysis  procedure.  Two  sources  of 
information  are  available;  the  trend  surfaces  themselves,  and  the 
"residuals"  which  represent  the  lack  of  fit  of  the  trend  surface  to  the 
original  data.  The  information  obtained  from  both  trend  surfaces  and 
the  residuals  is  classified  as  either  descriptive  or  interpretive. 

Procedures  for  Trend  Surface  Description 
The  trend  surfaces  supply  considerable  descriptive  information. 
The  morphometry  of  the  surfaces  can  be  studied  either  by  comparison  of 
the  coefficients  or  by  graphical  means.  Graphical  displays  of  the  trend 
surfaces,  such  as  contour  maps,  are  valuable  in  visualizing  their  shapes 
and  allow  the  researcher  to  describe  them  in  qualitative,  as  well  as 
quantitative,  terms.  Perhaps  more  important,  however,  is  the  statistical 
description  of  trend  surfaces.  Through  the  use  of  appropriate  statistical 
techniques  trend  surfaces  can  be  evaluated  to  determine  their  utility  and 
reliability  in  describing  the  data. 

Statistical  Evaluation  of  Trend  Surfaces 
The  precision  with  which  a  regression  model  represents  the  data  can 
be  measured  by  comparing  the  distribution  of  the  observations  about  the 
regression  model  with  their  distribution  about  the  mean.  This  latter 
value  is  called  either  the  "sum  of  squares  about  the  mean,"  or  the 
"corrected  sum  of  squares  of  the  observations." 

As  shown  in  Figure  18  for  the  two  dimensional  case,  some  of  the 
total  variation  of  the  observations  about  their  mean  can  be  explained  by 
the  regression  line,  but  some  remains  unexplained  because  the  actual 
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observations  do  not  all  lie  on  the  line.  This  can  be  summarized  as:- 

Sum  of  Squares  _  Sum  of  Squares     Sum  of  Squares 
about  Mean     ""  about  Regression   due  to  Regression 

If  all  the  observations  did  lie  on  the  regression  line,  it  would 
"perfectly  explain"  the  observations,  the  sum  of  squares  about  the 
regression  would  equal  zero,  and  the  sum  of  squares  due  to  regression 
would  equal  the  sum  of  squares  about  the  mean.  Thus  the  ratio  of  the 
sum  of  squares  due  to  regression  over  the  sum  of  squares  about  the  mean 
is  a  suitable  way  of  assessing  the  precision  of  the  regression  model. 
This  ratio  is  frequently  converted  to  a  percentage  and  labelled  "percent 
variation  explained"  [23].  It  is  numerically  equal  to  R-squared,  the 
square  of  the  simple  correlation  coefficient.  Analogous  procedures  can 
be  performed  for  higher-dimensional  cases. 

The  concept  of  division  of  sum  of  squares  into  components  leads  into 
analysis  of  variance  procedures.  The  statistical  theory  and  computations 
required  by  analysis  of  variance  techniques  are  exhaustively  discussed 
in  many  statistical  textbooks  [22, 23, 56, 73.814-] .  The  following  is  a  brief 
outline  of  the  procedure. 

Initially,  the .number  of  "degrees  of  freedom"  for  each  subdivision 
must  be  determined.  These  values  are  computed  as  follows:   (l)  the  total 
number  of  degrees  of  freedom  equals  the  number  of  observations,  (2)  cor- 
rection of  the  sum  of  squares  for  the  mean  requires  one  degree  of  freedom, 
(3)  each  coefficient  in  the  regression  equation  requires  one  degree  of 
freedom,  and  (k)   the  remaining  degrees  of  freedom  belong  to  the  devia- 
tions about  the  regression. 

Each  component  sum  of  squares  is  divided  by  its  appropriate  number 
of  degrees  of  freedom  to  obtain  a  value  called  the  mean  square.  The  mean 
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square  due  to  regression  divided  by  the  mean  square  due  to  the  deviations 
about  the  regression  will  yield  a  statistic  having  an  F- distribution. 

If  it  is  assumed  that  the  mean  squares  of  the  deviation  are  the 
best  estimators  of  the  appropriate  error  variances,  a   ,  for  each  regres- 
sion, these  "computed  F-values"  can  be  used  to  test  the  null  hypothesis 
that  the  coefficients  are  not  significantly  different  from  zero.  This  is 
accomplished  by  comparing  the  "computed  F- value"  with  a  "tabled  F- value" 
for  100  (l-a)  percent  in  the  F(p.n-p-l)  distribution;  where  a  is  the 
probability  of  the  Type  I  error,  p  is  the  number  of  coefficients  in  the 
regression  equation,  and  n  is  the  number  of  observations.  F-distributions 
are  found  in  statistical  references  [22,  23,  8k],     Any  level  of  a  may  be 
selected  by  the  researcher,  as  appropriate  to  his  problem,  however  a  =  .05 
and  a  =  .01  F-distributions  are  the  most  commonly  available  and  used. 
If  the  "computed  F- value"  exceeds  the  "tabled  F- value",  the  null  hypo- 
thesis, that  all  the  coefficients  are  zero,  is  rejected,  and  it  is 
assumed  that  the  equation  represents  a  significant  effect  with  no  greater 
a  probability  of  a  of  being  wrong.  Such  a  test  may  for  convenience  be 
termed  a  "total  F-test". 

Analysis  of  variance  techniques  can  be  employed  in  another  very 
important  fashion  to  further  test  various  regression  models.  The  re- 
searcher is  frequently  interested  in  the  relative  worth  of  certain  terms 
in  his  model.  If  some  terms  are  found  to  have  no  value,  then  can  be 
dropped  from  the  model  to  produce  a  new  simpler  model.  The  importance 
of  various  terms  is  most  easily  determined  by  considering  the  increase 
in  the  regression  sum  of  squares  caused  by  including  these  terms  in  the 
model.  This  is  known  as  the  "extra  sum  of  squares"  concept  and  utilizes 
"partial  or  sequential  F- tests"  [23].  Any  convenient  breakdown  to  allow 
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study  of  single  terms  or  groups  of  terms  having  some  special  significance 
is  allowable.  For  instance  the  significance  of  all  first  degree  terms, 
or  all  second  degree  terms,  is  studied  by  handling  them  as  groups. 

The  extra  sum  of  squares  concept  involves  the  fitting  of  two  regres- 
sion models;  one  including  the  terms  of  interest,  the  other  omitting 
them.  Sums  of  squares  due  to  regression  for  each  model  are  determined. 
By  subtraction,  the  "extra  sum  of  squares"  due  to  the  inclusion  of  the 
terms  can  be  obtained.  The  number  of  degrees  of  freedom  associated  with 
it  equals  the  difference  in  the  number  of  terms  in  the  two  models  (i.e., 
the  number  of  terms  in  the  group  being  tested).  The  extra  sum  of  squares 
divided  by  the  proper  number  of  degrees  of  freedom  will  produce  a  mean 
square  value. 

Once  again,  by  assuming  the  mean  square  due  to  deviations  is  the 

2 
best  estimator  of  the  error  variance,  a   ,  the  ratio  of  mean  squares 

yields  a  statistic  having  an  F-distribution  that  can  be  used  to  test  the 

null  hypothesis  that  the  coefficients  in  this  group  are  not  significantly 

different  from  zero.  This  is  accomplished,  as  before,  by  comparing  the 

"computed  F-value"  with  an  appropriate  "tabled  F-value."  If  the  "computed 

F- value"  exceeds  the  "tabled  F-value",  for  any  chosen  level  of  a,   the 

null  hypothesis,  that  the  coefficients  in  this  group  are  equal  to  zero, 

is  rejected,  and  it  can  be  assumed  that  these  coefficients  are  worthwhile. 

These  analyses  rest  on  the  assumption  that  the  mean  square  of  the 

deviations  is  the  best  estimator  of  the  error  variance.  This  is  only 

true  if  the  deviations  (residuals)  are  random.  If  the  residuals  contain 

both  systematic  and  random  components,  the  mean  square  due  to  deviations 

will  tend  to  be  inflated  and  will  no  longer  provide  a  good  estimate  of 
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the  random  variation  present  in  the  data.  This  is  a  severe  problem  in 
trend  surface  analysis,  since  it  appears  intuitively  likely  that  the 
residuals  contain  systematic  effects  if  they  are  to  contain  local  anom- 
alies as  well  as  "random  noise  effects." 

This  problem  is  recognized  by  more  knowledgeable  workers  in  this 
field.  Krumbein  and  Graybill  [56]  suggest  that  the  F- values  be  used  only 
as  indices  for  deciding  on  the  relative  merits  of  various  trend  surfaces. 
Draper  and  Smith  [23]  indicate  the  advantage  of  duplicate  samples  to  aid 
in  obtaining  a  better  prior  estimate  of  a   .  These  techniques  have  been 
carefully  applied  by  Mclntyre  to  the  study  of  igneous  rock  compositions 
[79L 

Analysis  of  variance  procedures  are  very  widely  used  to  examine 
regression  equations.  Their  popularity  can  be  ascribed  largely  to  their 
easy  computation,  particularly  on  computers  when  matrix  algebra  techniques 
are  utilized  to  solve  simultaneous  equations  for  the  coefficients,  and 
to  their  seemingly  powerful  and  useful  capability  of  testing  individual 
coefficients  by  means  of  partial  F-tests.  However  many  workers  overlook 
or  ignore  the  assumptions  implicit  in  the  use  of  these  procedures; 
assumptions  that  are  poorly  met  in  some  applications. 

Draper  and  Smith  [23]  discuss  other  useful,  but  infrequently  applied, 
statistics  which  can  give  the  researcher  additional  guidance  in  analyzing 
his  regression  model.  By  far  the  most  valuable  of  these  procedures  is 
the  determination  of  confidence  limits  for  the  trend  surface. 

The  determination  of  confidence  intervals  on  trend  surfaces  and 
their  interpretation  in  geological  work  is  discussed  by  Krumbein  [53 ,56] - 
From  theoretical  considerations,  it  can  be  shown  that  the  width  of  the 
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confidence  interval  varies  with  position  along  each  independent  variable. 
The  computations  are  not  convenient  and  must  be  repeated  for  many  dif- 
ferent geographic  locations  before  the  confidence  limits  of  the  entire 
map  area  can  be  determined.   This  accounts  for  the  lack  of  use  of  this 
procedure.   The  geometries  of  the  confidence  limits  become  increasingly 
complex  as  the  degree  of  the  trend  surface  increases.   This  makes  their 
interpretation  increasingly  difficult,  and  no  doubt  further  inhibits 
their  use. 

Procedures  for  Trend  Surface  Interpretation 
Examples  of  interpretation  of  trend  surfaces  are  common  in  the 
geologic  and  geographic  literature.   Trend  surface  interpretation  natur- 
ally follows  their  generation  and  description.   Interpretation  attempts 
to  relate  the  trend  surface  to  the  processes  being  studied. 

The  simplest  interpretation  utilizes  one  trend  surface  to  represent 
the  major  regional  effect  inherent  in  the  data.   Three  dimensional  trend 
surfaces  have  been  applied  in  geomorphology  to  the  study  of  raised  shore- 
lines [15] ,  peneplains  [27,  109],  and  homogeneity  within  physiographic 
provinces  [6l],  Geographers  have  studied  population  distributions  [ill] 
utilizing  these  procedures.  Slightly  more  complex  four-dimensional 
analyses,  really  response  surfaces,  have  been  used  to  interpret  geocherr,- 
ical  data  [l8],  the  composition  of  oil  reservoirs  [36,  37],  and  rock 
bodies  [19,  86,  98],  particularly  granitic  intrusions  [21,  126,  127,  129 ] . 

Further  interpretation  is  possible  by  comparing  trend  surfaces. 
Comparisons  are  possible  between  surfaces  of  differing  complexity  fitted 
to  the  same  data,  or  between  surfaces  fitted  to  different  data.  Whitten 
[129]  fitted  trends  of  various  degrees  to  a  single  set  of  data,  then 
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subtracted  a  low  degree  trend  surface  from  a  high  degree  trend  surface 
and  obtained  maps  of  "secondary-trend  components."  Merriam  and  Harbaugh 
[67]  identified  structural  discontinuities  related  to  oil  reservoir  lo- 
cations in  Kansas  through  the  study  of  trend  surfaces  fitted  to  different 
structural  horizons. 

In  certain  cases  even  comparatively  simple  trend  surfaces  closely 
fit  the  data.  Such  surfaces  can  form  the  basis  of  process-response 
models.  Whitten  [130]  used  trend  surfaces  in  this  way  to  simulate  sub- 
surface fold  geometry.  Relationships  between  ground  water  recharge  and 
discharge  rates  and  piezometric  surface  shape  have  been  studied  for  an 
unconfined  aquifer  by  Davis,  Turner,  and  Melhorn  [20],  In  other  cases 
however,  trend  surfaces  do  not  closely  fit  the  data.  In  some  cases  the 
fit  has  been  greatly  improved  by  subdividing  the  map  area  [21,  128]. 
When  these  techniques  are  successful,  the  interpretation  is  made  that 
the  data  belongs  to  more  than  one  population.  Often  this  can  have  im- 
portant implications. 

Procedures  for  the  Description  of  Residuals 
There  are  comparatively  few  mathematical  statistical  procedures 
available  to  the  study  of  residuals.  Within  the  earth  sciences  emphasis 
is  placed  on  interpretation  of  graphical  residual  plots,  generally  con- 
toured residual  maps,  to  the  detriment  of  more  rigorous  mathematical 
testing.  Crraphical  procedures  depend  greatly  on  the  skill  and  experience 
of  the  researcher  [llO]. 

Draper  and  Smith  [25]  emphasize  the  need  to  plot  and  study  residuals 
in  any  complete  regression  study,  stating:- 
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"In  general  residuals  should  be  plotted  in  any  reasonable  way 
that  occurs  to  the  experimenter  or  statistician,  based  on 
specialist  knowledge  of  the  problem  under  study." 

They  describe  several  types  of  plots;  most  however  being  applicable  only 

to  two-dimensional  cases. 

Certain  statistics  have  been  suggested  which  will  give  numerical 

measures  of  certain  residual  characteristics.  An s combe  [6]  and  Anscombe 

and  Tukey  [7J  discuss  these  in  detail.  However,  these  procedures  have 

not  been  widely  applied,  because,  as  stated  by  Draper  and  Smith  [23]".- 

"....in  practical  regression  situations  a  detailed  examination 
of  the  corresponding  residual  plots  is  usually  far  more  infor- 
mative, and  the  plots  will  almost  certainly  reveal  any  viola- 
tions of  assumptions  serious  enough  to  require  corrective  action." 

The  presence  of  correlations  among  the  residuals  is  probably  the 
most  serious  problem  facing  the  researcher  wishing  to  carefully  analyze 
them.-  In  normal  regression  procedures,  residuals  represent  "lack  of  fit," 
or  error,  and  thus  are  expected  to  contain  little  or  no  correlation.  In 
trend  surface  analysis  however,  considerable  information  is  retained  in 
the  residuals,  and  correlation  is  to  be  expected.  Recent  studies  by 
Anscombe  and  Tukey  [7]  suggest  that  correlation  effects  are  minimized 
by  the  use  of  graphical  procedures  since  "...the  effect  upon  graphical 
procedures  is  usually  negligible. . .".  Under  these  circumstances  it  is 
perhaps  not  surprising  that  earth  scientists  normally  study  residuals 
graphically,  by  preparing  residual  maps. 

Thomas  [ill]  has  carefully  studied  the  characteristics  of  residuals, 
and  the  uses  of  residual  maps  in  geographic  research.  He  defined  four 
types  of  residuals  as  follows:-   (changes  in  notation  have  been  made  to 
conform  with  this  report). 
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A)  Residual  Type  1  =  t  -   Z 

B)  Residual  Type  2  =  (£  -  Z)/Z 

C)  Residual  Type  3  =  Z/Z 

D)  Residual  Type  k  =  (£  -  Z)/s 

where  Z  =  estimated  (trend  surface  value  of  dependent 

variable  at  any  geographic  (X  and  Y)  location. 

Z  =  observed  (original  data)  value  at  the  same  geographic 
location . 


s  =  -y/residual  mean  square  =  estimate  of  a_  ^,  the 
standard  error  of  estimate. 

In  making  these  definitions,  Thomas  has  reversed  the  sign  convention 
used  with  residuals.  Normally  a  positive  residual  occurs  when  the 
observed  value  is  greater  than  the  estimated  value.  In  such  cases  Thomas' 
Type  1,  2,  and  k   residuals  are  negative.  His  Type  3  residuals  give 
values  of  less  than  one  when  the  observed  value  exceeds  the  estimated 
(trend  surface)  value.  It  would  perhaps  be  best  if  Thomas'  residual 
definitions  were  changed  to  correct  this  disparity  in  the  sign  convention. 
However  the  characteristics  of  his  residual  types  may  be  discussed  with- 
out reference  to  their  signs. 

Thomas  is  unique  in  defining  and  analyzing  different  types  of 
residuals.  Unless  specified  otherwise,  the  term  "residual"  is  universally 
taken  to  mean  his  Type  1  residual,  the  difference  between  observed  and 
estimated  values.  Study  of  these  four  residual  types  indicates  that 
Type  1  and  Type  k   are  closely  related,  as  are  Type  2  and  Type  3. 

Type  k  is  merely  a  standardized  form  of  the  Type  1  residuals. 
Draper  and  Smith  call  Type  k  the  "unit  normal  deviate"  form  of  the 
residuals  [23].  This  form  allows  the  researcher  to  quickly  test  the 
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assumption  that  the  residuals  belong  to  a  normal  distribution  with  mean 
of  zero.  If  this  assumption  is  true,  since  9%   of  the  N(0,l)  distribu- 
tion lies  between  the  limits  (-1.96,  1-9&)  roughly  95%  of  the  standar- 
dized Type  k   residuals  should  lie  between  the  limits  (-2,2).  Occurrence 
of  many  values  outside  this  range  indicates  the  assumption  of  normality 
to  be  invalid.  Occurrence  of  only  a  few  values  outside  this  range  does 
not  invalidate  the  assumption  since  the  occasional  value  lying  at  some 
considerable  distance  from  the  limits  (-2,2)  is  considered  an  "outlier" 
[5,  23].  Such  outliers  are  peculiarities  and  indicate  a  data  point  which 
is  atypical  of  the  bulk  of  the  data.  Thus  Type  k   residuals  serve  to 
emphasize  unusual  occurrences.  Outliers  should  be  carefully  investigated, 
and  should  only  be  rejected  if  their  occurrence  can  be  traced  to  operator 
errors  or  equipment  malfunctions  [5]- 

The  Type  2  and  Type  3  residuals  are  both  dependent  on  the  ratio  of 
the  computed  and  observed  values.  As  such  they  tend  to  produce  map 
patterns  which  differ  from  those  produced  by  Type  1  or  Type  k   residuals. 
Thomas  suggests  that  the  use  of  such  "ratio-residuals"  may  suggest 
additional  model  variables  which  are  ratios. 

Procedures  for  the  Interpretation  of  Residuals 
The  interpretation  of  residual  maps  generally  involves  the  graphical 
location  of  groups  of  positive  or  negative  residuals,  and  the  explanation 
or  interpretation  of  the  presence  of  such  non-average  areas. 

Rockaway  and  Johnson  [97]  fitted  trend  surfaces  to  observed  ground 
water  levels  and  interpreted  areas  of  high  positive  residuals  as  having 
above  average  ground  water  reserves.  Allen  and  Krumbein  [h]   utilized 
residual  maps  to  interpret  heavy  mineral  percentages  in  a  certain  rock 
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stratum.  As  a  result  of  the  residual  patterns  they  defined  a  secondary 
"streaming  action"  which  served  to  modify  the  overall  regional  patterns 
at  the  time  of  formation  of  the  rock  layer.  Other  workers  [l6]  have 
utilized  residual  maps  in  studying  mineral  grain  size  distributions  in 
eastern  England.  The  large  residual  values  were  interpreted  as  being 
due  to  periglacial  sorting  processes. 

Merriam  [66,   67]  utilized  residuals  extensively  in  interpreting 
Kansas  rock  structures.  He  was  able  to  show  how  the  Lost  Springs  oil- 
field was  associated  with  local  structural  irregularities.  Residual 
interpretations  have  also  been  applied  in  the  analysis  of  granitic  intru- 
sions [125]. 

Most  of  the  geological  interpretations  of  residuals  have  utilized 
them  as  measures  of  geological  heterogeneity.  Hypotheses  have  been 
developed  to  explain  these  heterogeneities  in  purely  qualitative  terms. 
Thomas  [ill]  suggested  a  more  statistically  based  approach.  He  suggested 
that  residual  maps  be  used  as  tools: 

1)  to  develop  new  hypotheses,  and  to  identify  and  include  new 
variables  into  improved  regression  models 

2)  to  establish  or  modify  regional  boundaries  of  study  areas 

3)  to  identify  and  select  specific  unit  areas  in  which  to  conduct 
field  investigations. 

Thomas  gives  examples  of  each  of  these  applications.  However  they  have 
not  been  broadly  applied  to  date. 

Computer-Generated  Graphical  Display  Procedures 
Graphical  displays  of  three-dimensional  data  are  an  important  and 
necessary  adjunct  to  the  successful  application  of  numerical  surface 
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analysis  procedures.  Trend  surface  analysis  in  particular  requires 
graphical  displays  of  both  the  trend  surfaces  and  the  residuals. 

During  the  initial  phases  of  this  study  it  became  apparent  that 
large  numbers  of  three  dimensional  data  displays  would  be  required  if  a 
truly  successful  GCARS  system  was  to  be  developed.  The  only  feasible 
way  to  obtain  these  displays  was  to  automate  the  display  procedure;  to 
program  the  computer  to  produce  graphical  displays  of  three  dimensional 
data.  Such  procedures  were  not  then  available  at  Purdue,  so  the  develop- 
ment of  programs  to  produce  computer-generated  graphical  displays  of 
three-dimensional  data  was  undertaken  as  part  of  this  project. 

The  programs  finally  developed  are  described  in  detail  elsewhere 
[11^,  117] •  They  are  based  in  part  on  routines  developed  by  the  Depart- 
ment of  Geography,  University  of  Michigan,  Ann  Arbor.  However  extensive 
modifications  and  translations  from  one  computer  language  (MAD)  to 
another  (FORTRAN  IV)  were  required  before  any  programs  were  suitable  for 
operation.  Ultimately  an  integrated  series  of  programs  was  developed  to 
utilize  both  the  standard  character  printer  and  the  more  specialized 
CALCOMP  digital-incremental  plotter. 

Display  System  Characteristics 
Use  of  the  character  printer  has  several  advantages  over  the  CALCOMP 
plotter,  particularly  in  the  initial  stages  of  a  study.  First,  the 
graphical  output  produced  on  the  printer  is  produced  as  part  of  the 
regular  job  output,  and  is  available  concurrently  with  the  analysis. 
Second,  the  printer  is  economical  to  operate  and  relatively  fast  (600  to 
1200  lines  per  minute).  Third,  because  the  printer  is  an  "on-line"  device 
it  does  not  require  the  use  of  special  magnetic  tapes,  which  are  needed 
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when  the  "off-line"  CALCCMP  plotter  is  used,  thus  reducing  the  chance  of 
human  error.  Finally,  printers  are  much  more  widely  available  than  are 
specialized  graphical  display  devices,  such  as  the  CALCCMP  plotter. 

Use  of  the  specialized  graphical  display  devices  is  justified  when 
plots  of  superior  quality  are  required.  The  resolution  of  the  printer 
is  limited  by  the  line  and  character  spacing.  Since  these  are  unequal, 
distortion  may  occur;  although  this  can  be  avoided  by  careful  planning 
of  the  display  scale.  In  contrast,  the  plotter  has  no  distortion  and  a 
resolution  governed  by  its  step  size.  In  the  model  used  in  this  research 
the  step  size  is  0.01  inch,  thus  it  can  produce  pen  and  ink  drawings 
suitable  for  inclusion  in  reports. 

While  all  digital- incremental  plotters  are  much  slower  than  the 
character  printers  in  producing  a  completed  display,  one  class  of 
specialized  equipment  is  as  fast  or  faster.  This  is  the  cathode  ray  tube 
(CRT)  display  device,  which  typically  has  a  display  time  of  less  than  a 
half  a  second.  Purdue  University  obtained  a  CRT  display  unit  (a  CDC 
model  250)  as  part  of  their  new  CDC  6500  computer  system.  Problems  in 
software  development  have  prevented  the  utilization  of  this  device,  which 
has  not  yet  been  made  available  to  computer  users. 

The  graphical  display  programs  were  designed  to  be  easily  compatible, 
allowing  the  preparation  of  working  drawings  on  the  more  economical 
printer,  while  the  final  drafting  of  selected  displays  was  performed  on 
the  plotter. 

Methods  of  Surface  Representation 
The  common  methods  of  graphically  displaying  three  dimensional  data 
are: 
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1)  perspective  or  isometric  views  of  a  surface 

2)  three-dimensional  histograms 

3)  contour  (isopleth)  maps 
k)     choropleth  maps. 

The  present  work  utilized  both  isopleth  and  choropleth  maps.  Devel- 
opment of  truly  satisfactory  isometric  or  three-dimensional  histogram 
displays  involves  more  complex  programming.  Routines  to  perform  these 
functions  are  under  development  and  are  to  he  integrated  into  the  GCARS 
system  at  a  later  date. 

Benefits  and  Limitations  of  Machine-Generated  Contour  Maps 
Contouring  may  he  performed  in  a  variety  of  ways;  extremely  literal, 
extremely  interpretative,  or  a  compromise  between  the  two  [k6].     The 
results  obtained  are  dependent  on  the  method  used  to  interpolate  between 
points  of  known  value.  Most  computer-generated  maps,  including  those 
developed  in  this  study,  give  literal  contours.  Some  attempts  have  been 
made  to  modify  this  literal  interpretation  to  favor  certain  predetermined 
directions  [ll6].  However  in  the  general  case,  computer-generated  con- 
tour maps  are  not  "unbiased",  as  is  often  believed  by  the  unwary,  but 
are  in  fact  strongly  and  consistently  biased  toward  literal  interpreta- 
tion of  the  data. 

As  a  consequence,  computer- generated  maps  are  not  equally  suitable 
for  all  applications.  The  speed  of  their  production  is  often  a  great 
advantage.  They  are  extremely  useful  as  "quick-look"  maps  to  give  the 
researcher  a  general  idea  of  his  data,  or  the  check  the  validity  of  data. 
Furthermore,  since  all  computer-generated  maps  are  made  consistently, 
they  can  be  used  for  comparison  purposes.  Human  contouring  of  several 
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data  sets  inevitably  involves  some  learning  processes  which  introduce 
an  uncertain  and  subtle  bias  into  the  results,  thus  rendering  comparison 
of  maps  difficult.  In  contrast,  the  computer  does  not  "learn"  from  one 
data  set  to  another,  but  handles  all  uniformly. 

Minimum  Path  Analysis  Procedures 
Network  analysis  is  a  useful  tool  of  operations  research  [I4-O] .. 
Minimum  path  analysis,  the  finding  of  the  "shortest"  route  through  a  net- 
work, in  terms  of  distance,  time,  or  cost,  is  merely  one  application  of 
network  analysis.  Often  considered  an  extension  of  linear  programming 
techniques,  minimum  path  analysis  may  be  considered  a  simplified  form  of 
dynamic  programming  since  it  contains  a  stagewise  solution  of  a  problem. 
It  is  most  easily  described  in  the  terminology  of  the  theory  of  graphs. 

The  Theory  of  Graphs 

This  section  is  partly  based  on  a  discussion  of  graph  theory,  net- 
work analysis,  and  dynamic  programming  by  Hillier  and  Lieberman  [k0],   to 
whom  the  reader  is  referred  for  additional  information. 

A  graph  consists  of  a  set  of  junction  points  called  "nodes",  with 
certain  pairs  of  the  nodes  connected  by  "links"  (or  "branches").  Figure 
19  shows  examples  of  graphs;  the  circles  represent  nodes  and  the  lines 
represent  links.  A  "network"  is  a  graph  containing  a  flow  of  some  type 
in  its  links.  Thus  a  series  of  roads  can  be  considered  a  network  con- 
sisting of  nodes  (intersections),  links  (roads),  and  flows  on  the  links 
(traffic). 

A  series  of  links  joining  two  nodes  i  and  j  is  called  a  "chain";  if 
a  direction  of  travel  along  the  chain  is  included  it  is  a  "path".  Thus 
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A)    Connected     Graph 


B)    Disconnected    Graph 


C)    Tree     Graph 


FIGURE     19.  GRAPH     DEFINITIONS 
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in  Figure  19-A  the  links  (1-3),  (3-6),  (6-5)  form  a  path  from  node  1  to 
6,  the  same  links  in  reverse  order  form  a  path  from  node  6  to  node  1, 
and  together  these  two  paths  form  a  chain.  A  chain  connecting  a  node  to 
itself  is  called  a  "cycle;"  for  example  links  (3-6),  (6-7),  (7-3)  in 
Figure  19-A. 

A  graph  is  called  a  "connected  graph"  if  there  is  a  chain  connecting 
every  pair  of  nodes.  Figure  19-A  shows  a  connected  graph;  hut  it  is  not 
if  links  (3-*0,  (3-6),  and  (3-7)  are  removed  (Figure  19-B).  A  "tree"  is 
a  connected  graph  containing  no  cycles.  Figure  19-A  forms  a  tree  if 
links  (3-7,  (W>),  (5-6),  and  (5-7)  are  removed  (Figure  19-C).  A  tree 
is  the  minimum  connected  graph  and  will  have  (n-l)  links,  where  n  is  the 
number  of  nodes. 

A  link  is  said  to  be  "oriented"  or  "directed"  if  there  is  a  sense 
of  direction  attributed  to  the  link  with  one  node  being  an  origin  and 
the  other  a  destination.  The  "capacity",  or  "resistance,"  or  "value," 
or  "length"  of  the  link  is  a  measure  of  its  ability  to  pass  a  flow  in  a 
specified  direction.  It  may  be  measured  in  terms  of  time,  cost,  distance, 
etc.,  as  applicable  to  the  problem  at  hand.  Vodrazka  [120]  terms  links 
in  which  the  capacity  in  one  direction  equals  the  capacity  in  the  opposite 
direction  "undirected"  links. 

Graphs  may  be  specified  by  a  "link  table"  in  which  each  directed 
link  is  described  by  its  origin  node,  its  destination  node,  and  its 
associated  capacity.  In  the  case  of  undirected  links  two  entries  are 
necessary  in  the  link  table,  one  covering  movements  from  n.  to  n.,  and 
the  other  movements  from  n.  to  a.  . 
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Classification  of  Minimum  Path  Algorithms 
A  network  composed  of  a  finite  number  of  nodes  and  links  must  have 
a  finite  number  of  paths  connecting  any  two  specified  nodes.  At  least 
one  of  these  paths  is  a  "minimum  path".  Such  a  minimum  path  can  be  dis- 
covered by  trial  and  error;  however  a  more  efficient  computational  pro- 
cedure is  desirable.  A  number  of  minimum  path  algorithms  have  been  pro- 
posed to  fill  this  need  [25,  44,  45,  74,  76,  100,  101,  131].  Two  cate- 
gories of  algorithms  have  been  identified,  matrix  algorithms  and  tree- 
building  algorithms.  These  reflect  the  two  basic  computational  approaches 
that  have  been  utilized. 

Matrix  algorithms  simultaneously  determine  the  shortest  route  be- 
tween all  node  pairs  in  the  network.  Several  of  these  algorithms  have 
been  suggested  [25,  44,  45,  74,  100,  101].  However,  these  algorithms 
require  large  computer  memory  storage  requirements,  which  increases 
rapidly  for  large  networks.  Mills  [74]  in  describing  the  "most  elegant 

and  efficient  of  the  matrix  methods"  states  that  the  simultaneous  storage 

2 
of  2n  variables  is  required,  where  n  is  the  number  of  nodes  in  the  net- 
work. Vodrazka  [120]  notes  that,  according  to  this  formula,  a  network 
of  500  nodes  would  require  500,000  computer  memory  locations.  Time 
requirements  for  the  solution  of  a  problem  by  the  matrix  methods  increases 
approximately  as  the  cube  of  the  number  of  nodes  [74].  Recent  work  has 
been  devoted  to  shortening  the  calculations  [44,  45,  74]. 

Tree-building  algorithms  have  also  been  extensively  studied  [76,  131]. 
These  are  able  to  find  the  shortest  paths  from  a  single  source  node  to 
each  of  the  other  nodes  in  the  network.  The  set  of  all  these  paths  forms 
a  tree  graph,  hence  the  name  of  the  algorithms.  This  process  must  be 


8k 


repeated  until  all  nodes  have  been  source  nodes  before  all  the  informa- 
tion supplied  by  a  single  matrix  method  calculation  is  obtained. 

Two  well  known  tree  building  algorithms  are  the  Moore  algorithm  and 
the  Road  Research  Laboratory  (RRL)  Algorithm.  The  Moore  algorithm  was 
first  proposed  in  1957  [76]  and  has  since  been  used  extensively  by  the 
Bureau  of  Public  Roads  [12,  13].  The  operation  of  this  algorithm  is 
described  by  Martin  [65]  and  Vodrazka  [120].  The  RRL  algorithm  was 
developed  by  the  Road  Research  Laboratory  of  the  British  Government's 
Department  of  Scientific  and  Industrial  Research  [131] .  The  operation 
of  this  algorithm  is  described  in  detail  by  Martin  [65],  its  theoretical 
basis  is  explained  by  Hillier  and  Lieberman  [kO]   who  summarize  its  opera- 
tion as  consisting  of  the  following  two  steps:- 

1)  Connect  source  node  to  nearest  node. 

2)  Identify  the  unconnected  node  that  is  closest  to  any 
connected  node.  Repeat  this  until  all  nodes  have  been 
connected. 

This  procedure  automatically  generates  the  minimum  path  tree  con- 
necting the  specified  source  node  to  all  other  nodes  in  the  network.  Ho 
iterations  are  required.  This  is  in  contrast  to  the  Moore  algorithm 
which  does  require  some  iterations  [76,  65].  Because  of  this  direct 
solution  characteristic,  the  RRL  algorithm  can  be  modified  to  find  a 
minimum  path  between  a  single  origin  and  destination.  This  is  accomplish- 
ed by  testing  each  entering  node  to  see  if  it  is  the  required  destination. 
The  calculation  is  stopped  as  soon  as  the  destination  node  is  reached. 
When  the  only  information  desired  is  the  single  minimum  path  from  one 
origin  to  one  destination  considerable  savings  in  computation  time  are 
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possible  by  computing  only  a  partial  tree. 

Comparison  of  Alternative  Minimum  Path  Algorithms 
Martin  [65]  compared  four  different  algorithms.  Two  tree-building 
algorithms,  the  Moore  and  the  RRL  algorithms,  were  compared  to  each  other 
and  to  a  matrix  algorithm,  the  Shimbel  algorithm  [100,  101].  In  addition, 
calculations  to  determine  a  single  minimum  path  were  performed  by  a 
modified  version  of  the  RRL  algorithm  and  a  fourth  algorithm  developed 
by  Martin.  This  latter  algorithm  was  called  the  Origin  and  Destination 
(0  and  D)  algorithm,  and  is  a  special  formulation  of  the  RRL  single  path 
algorithm.  It  simultaneously  computes  two  partial  trees,  one  from  the 
origin  and  one  from  the  destination,  which  meet  to  form  a  single  minimum 
path. 

All  algorithms  were  programmed  in  FORTRAN  II  and  tested  on  two 
different  computers;  an  IBM  1620  and  an  IBM  7090.  Six  different  networks 
were  analyzed  by  each  algorithm.  These  networks  were  of  different  sizes 
and  had  different  link-node  ratios.  Martin  was  able  to  prepare  charts, 
reproduced  in  Figure  20,  which  show  the  algorithm  giving  the  shortest 
computation  time  for  various  network  link-node  ratios  and  sizes.  His 
networks  were  small  by  the  standards  of  this  research.  His  smallest 
contained  only  nine  nodes  and  twenty- four  links;  his  largest,  J>66   nodes 
and  990  links.  Martin  concluded  that  no  difference  occurred  in  the  rank- 
ing of  the  algorithms  on  the  two  computers. 

Considerations  other  than  computation  time  were  evaluated.  Most 
important  of  these  was  the  amount  of  information  storage  required. 
Martin  discovered  the  0  and  D  algorithm  to  require  about  double  the 
storage  of  the  Moore  or  RRL  algorithms;  the  Shimbel  algorithm  storage 
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requirements  exceeded  the  others  by  10-20  times,  depending  on  the  network. 
Martin  concluded:-  "The  Moore  and  RRL  algorithms  are  convenient  to  use, 
the  0  and  D  less  convenient,  and  the  Shimbel  rather  inconvenient." 

Special  Applications  of  Minimum  Path  Analysis 
Vodrazka  [120]  utilized  the  Moore  algorithm  to  study  and  classify 
the  state  highway  system  of  Indiana.  Traffic  volumes  were  assigned  to 
highway  links  throughout  Indiana  and  in  parts  of  adjoining  states.  As  a 
result  an  extremely  large  network  was  developed,  containing  1+582  nodes 
and  6jU5  links  [120]. 

Such  a  large  network  could  not  be  processed  all  at  once  on  the 
computer  since  it  greatly  exceeded  the  available  memory.  Vodrazka  [120] 
thus  developed  a  method  of  partitioning  the  network.  Ultimately  six  sub- 
networks were  utilized.  A  decomposition  algorithm  was  developed  which 
first  divided  the  original  network  into  a  series  of  parts,  separated  by 
border  zones.  A  series  of  link  tables  were  prepared  which  included  all 
links  between  border  nodes  and  subset  nodes.  Inter- connected  border  nodes 
were  included  in  only  one  appropriate  link  table.  A  complex  series  of 
applications  of  the. Moore  algorithm  to  various  subset  link  tables  was 
necessary  in  order  to  discover  the  true  minimum  paths,  because  they  may 
cross  and  re-cross  border  zones  many  times.  Vodrazka  outlines  these  pro- 
cedures in  detail. 

The  current  research  has  restricted  its  analyses  to  networks  which 
can  be  analyzed  without  decomposition.  However  it  is  recognized  that 
many  practical  studies  will  involve  large  networks  which  will  require 
decomposition  before  they  can  be  solved.  Integration  of  Vodrazka1 s  de- 
composition techniques  into  the  GCARS  system  will  allow  for  the  analysis 


88 


of  such  large  networks. 

Ayad  [8]  utilized  a  version  of  the  RRL  single  path  algorithm.  Ayad 
modified  the  algorithm  so  he  could  discover,  not  only  the  minimum  path 
between  a  selected  origin  and  destination,  but  a  second-best  distinctively 
different  or  alternate  route  between  the  same  node-pair,  then  a  third- 
best  alternative,  and  so  on  for  as  many  alternatives  as  he  desired,  or 
until  constrained  by  the  size  of  the  network.  This  technique  for  gener- 
ating alternative  paths  is  important  to  the  successful  operation  of  the 
GCARS  system. 

Ayad  wished  to  determine  alternate  routes  "in  a  systematic  and 
efficient  way."  He  defined  the  determination  of  alternate  routes  as  "the 
selection  of  distinct  corridors  (of  travel)  within  the  study  area." 
Obviously  a  minor  difference  between  two  paths  did  not  justify  their  con- 
sideration as  alternate  routes;  rather  the  alternates  should  be  unique 
over  "considerable  portions  of  their  lengths."  The  alternate  routes 
would  have  to  share  limited  segments  of  the  network  in  the  vicinity  of 
their  terminals,  otherwise  they  might  be  unduly  constrained  in  reaching 
their  specified  origin  or  destination.  These  considerations  led  Ayad  to 
propose  the  following  process :- 

1)  The  minimum  path  between  a  specified  node-pair  is  determined 
by  an  appropriate  algorithm  (the  RRL  single  path  algorithm). 

2)  This  minimum-path  is  checked  against  a  level  of  service 
criterion,  and,  if  it  passes,  a  central  percentage  of  this 
path  is  removed  from  the  network  description.  Only  control 
sections,  such  as  bridges  or  tunnels  are  exempted. 

3)  The  minimum  path  algorithm  is  re-applied  to  the  reduced 
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network  to  find  a  new  "minimum  path"  which  will  be  the 
second-best  alternate.  This  second-best  route  is  compared 
to  the  level  of  service  criterion. 
k)     If  the  second-best  alternate  passes  the  level  of  service  test, 
a  central  percentage  of  this  route  is  removed  (any  control 
sections  excepted)  and  the  minimum  path  algorithm  is  re-applied. 
By  this  technique  third,  fourth,  fifth-best,  etc.  alternate  routes  are 
determined  and  the  process  continues  until  the  level  of  service  is  no 
longer  met,  or  the  network  is  fully  utilized. 

Links  can  be  "removed"  from  the  network  by  assigning  arbitrarily 
extremely  high  resistance  values  to  travel  on  those  links  (in  terms  of 
cost,  time,  volume,  etc.)  so  that  they  become  extremely  unattractive  in 
further  manipulations. 

Ayad  realized  that  the  percentage  of  central  links  removed,  in  other 
words  the  "percent  overlap"  allowed,  was  likely  to  greatly  affect  the 
results  obtained.  If  the  overlap  was  too  great,  alternate  routes  would  be 
hardly  distinguishable;  if  the  overlap  was  too  small,  the  alternatives 
would  become  unduly  constrained  in  trying  to  reach  their  terminii. 

After  experimenting  with  various  percentage  overlaps,  Ayad  was  able 
to  conclude  that  overlaps  which  exceed  15  percent  of  the  total  route 
lengths  tend  to  preclude  development  of  distinct  alternates.  He  found 
little  change  occurred  in  the  character  of  the  alternates  when  the  over- 
lap at  each  end  of  a  route  ranged  between  three  and  ten  percent.  He 
finally  suggested  that  a  seven-percent  overlap  at  each  end  was  probably 
optimal.  These  conclusions  are  of  course  only  valid  for  Ayad's  networks. 
They  probably  can  be  applied  to  networks  having  similar  link-node  ratios. 
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The  current  research  uses  a  rectangular  grid  network  having  a  link- 
node  ratio  of  close  to  k:l,   which  is  similar  to  Ayad's  grid-like  street 
networks . 

Ayad  found  that  some  limit  should  be  placed  on  the  total  number  of 
alternate  routes  chosen.  Otherwise  obviously  unsuitable  paths  would  be 
found,  at  a  waste  of  computer  time.  He  considered  a  number  of  alternative 
restrictions  and  found  that  a  value  of  1.75  times  either  the  travel  time 
of  the  total  distance  of  the  first  path  effectively  separated  the  useful 
from  the  trivial  alternatives.  He  did  not  believe  a  limiting  total- 
number  criterion  to  be  suitable,  perhaps  because  the  total  times  or 
lengths  of  his  paths  increased  quite  rapidly  from  their  minimum  values. 
However,  in  the  current  research  the  optimum  solutions  generally  are  not 
as  sharply  defined.  Thus  large  numbers  of  alternatives  are  generated, 
unless  a  limiting  criterion  is  applied  to  specify  the  maximum  number  of 
alternatives  desired.  For  this  project  the  minimum  path  analysis  con- 
tinued until  either  seven  alternatives  were  generated,  or  until  the 
latest  path  total  equalled  or  exceeded  twice  the  first  path  total. 


91 


CHAPTER  IV 
METHOD  OF  INVESTIGATION 

The  Generalized  Computer-Aided  Route  Selection  (GCARS)  System  was 
described  in  Chapter  I  and  Figure  k   (page  l6).  The  methods  of  investiga- 
tion discussed  in  this  and  subsequent  chapters  were  used  to  develop  and 
test  a  prototype  GCARS  System.  Accordingly,  the  results  obtained  should 
not  be  considered  as  answers  to  any  actual  highway  location  problem 
currently  under  investigation  by  the  Indiana  State  Highway  Commission. 

The  method  of  investigation  parallels  the  structure  of  the  GCARS 
System.  The  investigation  can  be  broken  down  into  eight  steps  which  can 
be  compared  to  the  data  preparation,  search,  and  selection  activities  of 
the  GCARS  System.  This  is  shown  in  Table  3.  The  first  three  steps,  the 
data  preparation  activity,  are  discussed  in  detail  for  both  test  areas  in 
this  chapter.  The  later  steps  are  summarized  in  this  chapter  and  describ- 
ed in  detail  in  chapters  five  and  six. 

Identification  of  Highway  Location  Factors 
Natural  and  man-made  conditions,  and  physical  and  economic  constraints 
affecting  the  selection  of  highway  locations  are  termed  "highway  location 
factors."  The  identification  of  appropriate  highway  location  factors  for 
any  particular  analysis  is  a  complex  process  dependent  on:- 
1.)  the  level  of  analysis  within  the  highway 
planning  hierarchy 
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2.)  conditions  inherent  within  the  area  of  interest 
3.)  the  personal  judgment  of  the  planning  engineer. 
For  example,  as  discussed  previously  (see  page  2k),   Alexander  and  Manheim 
[l]  defined  26  factors  they  believed  important  at  the  route  level  of  the 
highway  planning  hierarchy  for  a  test  area  in  western  Massachusetts. 
However,  the  factors  chosen,  and  the  meaures  selected  to  describe  each, 
undoubtedly  would  have  changed  if  the  level  of  the  analysis,  the  test 
area,  or  the  planning  engineers  were  changed. 

At  any  level  within  the  highway  planning  hierarchy,  two  groups  of 
highway  location  factors  can  be  distinguished.  The  first  group  includes 
those  factors  which  may  be  used  to  define  a  preliminary  set  of  possible 
alternatives.  Topography,  soil,  geology,  and  foundation  condition, 
present  or  future  land  use  and  value,  and  present  or  future  travel  demand 
are  examples  of  these  factors.  Since  they  can  be  studied  without  refer- 
ence to  any  pre-selected  alternative,  these  factors  are  called  "route- 
independent  factors." 

Once  a  preliminary  set  of  alternatives  has  been  developed,  a  second 
group  of  factors  can  be  identified.  These  factors  are  used  to  refine 
the  preliminary  alternatives  to  produce  a  final  set  of  alternatives. 
This  second  group  of  factors  includes  all  the  so-called  "user  costs  and 
benefits,"  as  well  as  many  aesthetic,  social,  and  economic  considerations 
such  as  the  disruption  of  communities  or  facilities,  or  the  merits  of 
alternative  designs  for  elevated,  depressed,  or  at-grade  highways.  These 
factors  cannot  be  studied  except  with  reference  to  a  preselected  alter- 
native, and  therefore  are  called  "route-dependent  factors."  The  five 
step  sequence  in  the  generation  of  alternatives  is  shown  in  Figure  21. 
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TABLE  3 
THE  METHOD  OF  INVESTIGATION 


Activities* 

Procedures 

Step 
Number 

Description 

Data 
Preparation 

1 

Define  route -independent  factors  and  select  or 
prepare  graphical  measures  of  each  factor. 

2 

Define  sampling  procedures. 

3 

"Digitize  the  data"  -  convert  graphical  measures 
to  numerical  measures. 

Search 

k 

Transform  numerical  measures  to  values  by  applying 
a  suitable  value  function  or  rating  scale. 

5 

Check  values  for  accuracy  and  lack  of  bias  through 
the  use  of  trend  surface  analysis  procedures. 

6 

Transform  values  to  utilities,  and  construct  utility 
networks  on  single  or  combined  utility  surfaces. 

7 

Generate  single  and  multiple  factor  alternatives 
by  repeated  application  of  minimum  path  analysis 
procedures . 

Selection 

8 

Evaluate  generated  alternatives  and  reorder  if 
necessary  to  reflect  route-dependent  factors. 

It 

Activities  described  on  pages  15-19  and  Figure  k  (page  l6). 
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FIGURE  21.    DATA     ANALYSIS     SEQUENCE 
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Many  route  dependent  factors  cannot  be  described  except  at  the 
lowest  levels  of  the  highway  planning  hierarchy.  For  instance,  it  is 
extremely  difficult,  if  not  impossible,  to  quantitatively  evaluate  the 
disruptive  costs  or  aesthetic  values  associated  with  a  corridor.  Con- 
sequently in  the  upper  levels  of  the  highway  planning  hierarchy  where  the 
GCARS  System  is  expected  to  be  used,  only  generalized  values  can  be 
assigned  to  most  route- dependent  factors. 

Factors  Studied  by  the  GCARS  System 
The  GCARS  System  generates  alternatives  primarily  on  the  basis  of 
route- independent  factors.  The  factors  studied  in  this  investigation 
were : - 

1.)  an  Earthwork  Cost  factor 
2.)  a  Pavement  Construction  Cost  factor 
J>.)     a  Right-of-Way  Acquisition  Cost  factor 
k.)     Service  Benefit  factors. 
The  earthwork  cost  and  pavement  construction  cost  factors  can  be 
considered  as  the  route- independent  construction  cost  factor  because 
route-dependent  factors  such  as  interchanges,  bridges,  or  other  structures 
are  not  considered.  The  pavement  construction  cost  factor  measures  the 
ease  with  which  a  good-quality,  long-wearing,  non-frost  susceptible 
roadway  base  can  be  constructed  knowing  the  present  soil  and  drainage 
conditions.  This  factor  is  likely  to  have  greater  significance  for 
highways  constructed  with  flexible  pavements,  since  the  design  of  ade- 
quate flexible  pavements  is  dependent  on  pre-existing  conditions  to  a 
greater  degree  than  is  the  design  of  rigid  pavements.  However,  either 
type  of  pavement  will  have  better  performance  on  better  subgrade  materials. 
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The  service  benefit  factors  include  measures  of  present  or  future  traffic 
demands  and  non-duplication  of  presently  existing  facilities. 

The  GCARS  System  does  not  ignore  the  route-dependent  factors.  The 
alternatives  generated  are  a  preliminary  set  of  alternatives  and  should 
be  examined  and  compared  through  the  use  of  certain  route-dependent 
factors.  Generalized  values  of  these  factors  can  be  used  to  re-order  the 
alternatives  previously  selected.  This  analysis  occurs  during  the 
selection  activity  at  each  level  of  the  highway  planning  hierarchy. 

Selection  and  Description  of  Test  Areas 
Two  test  areas  within  the  State  of  Indiana  were  used  in  this  study. 
Figure  22  shows  their  locations.  The  large  southern  test  area  was  selec- 
ted for  regional  studies,  typical  of  the  Band  and  Corridor  levels  of  the 
highway  planning  hierarchy.  The  area  contains  a  variety  of  terrain  and 
foundation  conditions  since  it  covers  several  of  Indiana's  physiographic 
subdivisions  as  defined  by  Malott  [62,  99]- 

Although  this  southern  area  includes  several  medium  sized  towns  and 
cities  ranging  in  population  from  20,000  to  50,000,  little  detailed 
information  was  readily  available  to  the  author  for  any  of  these  popula- 
tion centers.  Information  regarding  land  values,  population  densities, 
and  trip  ends  was  believed  necessary  when  more  detailed  location  studies 
at  the  Corridor  or  Route  levels  of  the  highway  planning  hierarchy  were 
to  be  performed  near  such  urban  centers.  In  order  to  evaluate  the  pro- 
cedures necessary  for  such  studies,  while  avoiding  expensive  data  collec- 
tion, a  suitable  urban  area  for  which  detailed  information  was  available 
had  to  be  found. 
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The  cities  of  Lafayette  and  West  Lafayette  form  a  medium  sized  urban 
area,  for  which  ample  data  on  land  use,  population,  and  trip  distribu- 
tions are  available.  Consequently  a  northern  test  area  was  chosen  com- 
prising about  half  the  total  area  of  Tippecanoe  County  centered  about 
Greater  Lafayette. 

Description  of  the  Southern  Test  Area 
The  southern  test  area  lies  south- southwest  of  Indianapolis  and  is 
approximately  55  miles  wide  and  68  miles  long.  It  extends  from  Green- 
castle  in  the  northwest  to  Shelbyville  in  the  northeast  and  from  Shoals 
in  the  southwest  to  Scottsburg  in  the  southeast.  The  boundaries  were 
defined  to  conform  to  the  boundaries  of  the  1:2^,000  scale  l\  minute 
topographic  quadrangles.  As  shown  in  Figure  23,  seventy- two  of  these 
maps  lie  within  the  study  area.  The  area  also  covers  part  of  four 
1:250,000  scale  topographic  maps;  these  being  the  Indianapolis  (NJ  l6-2), 
Cincinnati  (NJ~l6-3),  Vincennes  (NJ  l6-5),  and  Louisville  (NJ  l6-6)  map 
sheets. 

This  area  probably  includes  the  greatest  variety  of  topographic, 
geologic,  pedologic,  and  cultural  conditions  displayed  by  any  area  of 
comparable  size  within  the  State  of  Indiana.  As  shown  in  Figure  2k,   it 
includes  part  of  all  of  l6  out  of  a  total  of  92  counties  within  the  state. 

Figure  25  shows  the  general  topographic  features  of  the  area.  The 
great  variety  of  topographic  forms  is  emphasized  by  the  presence  of  parts 
of  six  state  physiographic  divisions  each  having  distinctive  character- 
istics [62,  99] •  This  southern  test  area  straddles  the  Illinoian  and 
Wisconsin  glacial  boundaries,  as  shown  in  Figure  26.  The  south  central 
parts  of  the  area  are  bedrock  controlled  while  extensive  glacial  deposits 
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Source ;-    Official     Indiana    State    Highway    Map 


FIGURE     24.     MAP     OF     SOUTHERN      TEST      AREA     SHOWING 
TOWNS      AND      HIGHWAYS  . 
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SOURCE  -  IHOWtt    OEOLOGiCAL    SURVEY   GUDEBOOK    MO.  12. 


fJ£ffiE  25-   PHYSIOGRAPHIC    DIAGRAM  OF   SOUTH-CENTRAL 
INDIANA. 
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are  found  in  the  northern  and  eastern  parts  of  the  area. 

As  shown  in  Figure  25,  the  bedrock  formations  dip  westward  at  low 
angles.  The  southern  Indiana  region  was  reduced  to  a  peneplain  in 
Tertiary  time  [62,  122].  In  late  Tertiary  and  early  Quaternary  time 
uplift  of  the  area  caused  differential  erosion  of  the  various  rock  units. 
The  continental  glaciers  covered  the  northern  part  of  the  area,  while 
the  meltwaters  excavated  entrenched  valleys  through  the  unglaciated 
regions  in  the  south  central  part  of  the  test  area. 

The  Crawford  Upland  (Figure  25)  lies  along  the  western  edge  of  the 
test  area.  It  is  a  maturely  dissected  plateau  sloping  gently  westward. 
A  well  integrated  drainage  system  is  deeply  entrenched  so  that  much  of 
the  area  is  in  slope.  The  flat- topped  interstream  divides  are  mostly 
narrow.  The  area  is  probably  the  most  rugged  region  in  the  State;  local 
relief  in  excess  of  300  feet  is  not  uncommon  [62,991. 

A  ragged  poorly  defined  east  facing  escarpment,  the  Chester  Escarp- 
ment, separates  the  Crawford  Upland  from  the  Mitchell  Plain  (Figure  25). 
The  Mitchell  Plain  is  a  Karst  plain,  one  of  the  best  examples  of  this 
topography  in  the  world.  It  is  formed  on  a  sequence  of  middle  Mississip- 
pian  limestones,  several  members  of  which  are  particularly  susceptible  to 
solution.  As  a  result  the  plain  is  covered  with  sinkholes  and  other 
solution  features.  Over  1000  sinkholes  have  been  counted  in  a  square 
mile  near  Orleans  in  the  southern  part  of  the  area  [62].  The  sinkholes 
may  have  a  local  relief  of  30  feet.  The  Mitchell  Plain  also  is  crossed 
by  a  number  of  entrenched  streams  such  as  the  East  Fork  White  River,  Salt 
Creek,  and  their  tributaries,  which  serve  to  further  increase  the  local 
relief. 
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To  the  east  of  the  Mitchell  Plain  another  area  of  hills  is  encount- 
ered, the  Norman  Upland  (Figure  25).  The  Norman  Upland  is  formed  on  the 
siltstones,  shales,  and  sandstones  of  the  Borden  Group.  It  is  an  area 
of  strong  local  relief  with  flat- topped  narrow  divides,  steep  slopes  and 
deep  V-shaped  valleys.  The  concordant  summit  levels  reflect  the  early- 
Tertiary  peneplain  which  is  now  greatly  dissected.  Much  of  this  area  is 
part  of  either  the  Brown  County  State  Park  or  the  Hoosier  National  Forest. 
Its  eastern  boundary  is  marked  by  a  prominent  escarpment,  the  Knobstone 
Escarpment.  This  escarpment  rises  some  500  feet  above  the  lowlands  to 
the  east  in  the  southern  part  of  the  test  area,  but  gradually  loses  height 
and  is  finally  buried  beneath  glacial  deposits  in  the  northern  part  of 
the  area. 

The  lowland  to  the  east  is  known  as  the  Scottsburg  Lowland  (Figure 
25).  It  is  essentially  a  strike  valley  eroded  on  weak  shale  formations. 
However  extensive  glacial  deposits  partly  fill  the  trough  to  depths  in 
excess  of  150  feet  within  the  test  area  [99].  As  a  result  of  this  in- 
filling, the  local  relief  is  slight.  Most  is  the  result  of  recent  erosion 
by  present  day  streams  along  glacial  sluiceways  to  form  terraces;  as  for 
example  along  the  East  Fork  White  River,  the  major  stream  in  the  area. 

The  Scottsburg  Lowland  grades  eastward  into  an  area  of  similar  local 
topographic  conditions  but  with  a  marked  westward  slope,  the  Muscatatuck 
Regional  Slope.  The  boundary  between  these  regions  is  not  well  defined. 

In  the  northern  quarter  of  the  test  area  the  previously  described 
bedrock  regions  become  buried  under  progressively  thicker  glacial  deposits 
and  can  no  longer  be  distinguished.  These  glacial  deposits  belong  to  the 
Tipton  Till  Plain  region  (see  Figure  25).  This  is  an  area  of  predominantly 
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low  to  negligible  relief.  Local  hilly  or  rolling  areas  exist  along  its 
southern  border.  These  are  end  moraines  of  the  Shelbyville  morainic 
system. 

Figure  26  shows  the  distribution  of  generalized  engineering  soil 
types  found  within  this  test  area.  This  map  was  developed  from  a  state- 
wide engineering  soils  map  prepared  by  Belcher,  Gregg  and  Woods  [10]. 
Because  of  the  variety  of  geological  conditions  occurring  in  this  region, 
twelve  soil  classes  were  mapped.  Some  of  these  are  of  glacial  or  glacial- 
fluvial  origin;  others  are  residual  soils  derived  from  the  underlying 
bedrock;  while  a  few  are  compound  soil  types  consisting  of  thin  glacial 
deposits  overlying  residual  soils  and  bedrock. 

Figure  2k   shows  the  chief  roads  and  principal  communities  within 
this  area.  Two  north- south  population  corridors  exist;  one  along  the 
Scottsburg  Lowland  in  the  eastern  part  of  the  area  and  the  other  along 
the  Mitchell  Plain  in  the  west-central  part  of  the  area.  The  intervening 
Norman  Upland  is  unsuitable  for  agriculture  or  industrial  uses  and  has 
tended  to  be  a  barrier  between  the  two  corridors.  In  recent  years  its 
importance  as  a  recreational  area  has  been  growing  steadily. 

Land  use  activities  were  studied  on  the  most  recent  available  air- 
photo index  mosaics  obtained  from  the  Aerial  Photography  Division, 

Agricultural  Stabilization  and  Conservation  Service,  United  States 

* 
Department  of  Agriculture  for  each  county  in  the  study  area.  Ten  land 

use  categories  were  identified.  The  results  were  compiled  to  form  the 

map  shown  in  Figure  27.  Agricultural  uses  are  concentrated  in  the  Mitchell 


Formerly  the  Commodity  Stabilization  Service,  United  States  Department 
of  Agriculture. 
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FIGURE  26.  ENGINEERING    SOILS   MAP  OF 
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Plain,  Tipton  Till  Plain,  and  Scottsburg  Lowland  regions.  Farming  is 
restricted  to  narrow  upland  and  bottomland  zones  in  the  other  areas. 
Industrial,  commercial  and  residential  activities  are  located  in  the  two 
population  corridors  near  the  larger  towns. 

Description  of  Northern  Test  Area 

The  northern  test  area  lies  in  the  north-central  part  of  Tippecanoe 
County,  Indiana.  It  covers  slightly  less  than  one  half  the  county, 
having  an  east-west  width  of  13. 3  miles  and  a  north-south  length  of  17.8 
miles. 

It  lies  within  the  Tipton  Till  Plains  physiographic  region  of  Indiana, 
as  defined  by  Malott  [62,  99].  Figure  28  shows  the  important  topographic 
characteristics  of  the  area.  The  surface  is  a  gently  undulating  plain 
sloping  toward  the  entrenched  Wabash  River  valley  from  both  the  northwest 
and  southeast.  Remnants  of  poorly  defined  morainic  ridges  are  scattered 
throughout  the  area,  but  are  especially  prevalent  along  the  southern  edge 
and  in  the  northwestern  corner.  These  areas  form  an  undulating  to  rolling 
surface  having  a  few  tens  of  feet  of  local  relief.  Elsewhere  the  upland 
surface  is  almost  level.  A  few  conical  hills  are  found  near  Dayton. 
Occasional  depressions  filled  with  muck  and  peat  are  found;  the  largest 
lies  just  west  of  West  Lafayette. 

Drainage  throughout  the  area  flows  into  the  Wabash  River.  Most 
important  tributaries  are  Wea  and  Wildcat  Creeks  on  the  south,  and  the 
Tippecanoe  River,  Burnett's  Creek  and  Indian  Creek  on  the  north.  A  low 
depression  of  uncertain  origin  connects  the  headwaters  of  Indian  and 
Burnett's  Creeks. 
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FIGURE    28.     PHYSIOGRAPHIC   DIAGRAM  OF   THE 
NORTHERN  TEST     AREA. 
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The  Wabash  River  valley  is  the  most  striking  feature.  It  is  an 
entrenched  valley  that  has  been  filled  by  glacial  debris  and  re-excavated. 
The  valley  has  wide  terraces  and  a  comparatively  narrow  flood  plain. 
Two  terrace  levels  are  prominent.  Where  they  are  absent  the  valley  walls 
are  very  steep  and  rugged,  especially  the  west  valley  wall  north  of  West 
Lafayette. 

The  entire  area  is  covered  with  Wisconsin  glacial  drift.  Bedrock, 
mostly  shale,  outcrops  along  the  Wabash  River  near  Americus  in  the  north- 
eastern part  of  the  test  area,  and  along  Indian  Creek  south  of  Klondike. 
Figure  29  shows  that  part  of  the  Tippecanoe  County  Engineering  Soils  Kap 
prepared  by  Yeh  [133]  which  covers  the  northern  test  area.  The  map  shows 
the  large  terraces  and  outwash  plains  underlain  by  coarse  granular  mater- 
ials which  extend  along  the  Wabash  River  and  across  the  area  south  of 
Lafayette.  Lesser  amounts  of  outwash  are  found  along  the  valleys  of 
Wildcat  Creek  in  the  eastern  part  of  the  area  and  Indian  Creek  in  the 
western  part  of  the  area.   Figure  30  shows  those  areas  underlain  by 
granular  outwash  and  alluvium.  The  remaining  upland  soils  are  mostly 
silty  clays,  except  for  local  depressions  filled  with  organic  clays,  muck, 
or  peat.  A  thin  layer  of  wind  blown  silt  (loess)  mantles  many  of  the 
upland  areas,  especially  near  the  Wabash  Valley. 

Figure  31  shows  the  present  land  use  characteristics  of  this  area. 
Much  of  the  area  is  agricultural,  except  near  Lafayette  or  West  Lafayette. 
Scattered  subdivisions  are  located  east  and  south  of  Lafayette  and  west 
and  northwest  of  West  Lafayette.   Figure  31  was  prepared  in  part  from 
data  developed  by  Golenberg  [31].  These  data  were  applicable  to  only  the 
metropolitan  areas  of  Lafayette  and  West  Lafayette  and  thus  they  were 
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supplemented  by  other  information.  The  land  uses  of  the  surrounding 
areas  were  mapped  by  studying  aerial  photographs  taken  in  1963  at  a 
scale  of  1:20,000.  Golenberg  defined  109  origin-destination  zones  each 
having  a  uniform  land  use,  within  the  greater  Lafayette  area.  The  air- 
photo study  of  the  surrounding  areas  added  10U  zones  bring  the  total 
number  of  zones  within  this  study  area  to  213.  Figure  32  shows  the 
locations  of  all  zones. 

Data  Collection  Procedures 
Selection  of  Data  Sources 

A  suitable  source  of  Information  for  each  of  the  four  route  indepen- 
dent factors  had  to  be  selected  for  one  or  more  of  the  two  test  areas. 
A  source  of  information  for  a  factor  is  termed  a  "measure".  Frequently 
more  than  one  measure  of  a  factor  was  utilized,  in  order  to  determine 
what  types  of  data  were  most  suitable.  Measures  for  any  particular 
factor  varied  somewhat  from  area  to  area  due  to  scale  differences  and 
reflected  changes  in  level  of  analysis  within  the  highway  planning 
hierarchy. 

Table  k   shows  the  measures  investigated  for  each  route  independent 
factor  for  each  test  area.  In  general  the  measures  do  not  supply  infor- 
mation on  their  factors  which  can  be  used  directly  by  the  GCARS  System. 
As  shown  in  Table  k  and  Figure  21  (see  page  9*0  these  measures  are  pro- 
gressively converted  to  "values,"  then  to  "utilities,"  before  any  genera- 
tion of  alternatives  is  possible.  Description  of  these  procedures  is 
given  later  in  this  chapter  under  the  heading  "Data  Analysis  Procedures." 
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FIGURE  32.  ORIGIN-DESTINATION    ZONES    IN    THE    NORTHERN 
TEST    AREA  . 
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Classification  of  Measures 

There  are  two  types  of  measures;  graphical  measures  (maps)  and 
numerical  measures.  Map  digitization,  the  reduction  of  graphical  to 
numerical  measures,  is  required  before  computer  analysis  is  possible. 
Digitization  is  accomplished  by  "sampling"  the  map  at  a  number  of  obser- 
vation stations.  The  entire  subsequent  analysis  depends  on  the  quality 
of  the  data  collected;  thus  the  development  of  simple,  logical,  and 
reproducible  sampling  procedures  for  all  measures  is  an  important  pre- 
requisite to  the  successful  application  of  the  GCARS  System. 

Three  kinds  of  measures  can  be  distinguished.  These  are  termed 
"continuous,"  "discontinuous,"  and  "discrete."  Any  measure  is  composed 
of  a  large  number  of  individual  observations,  the  whole  forming  in  sta- 
tistical terms,  a  "population"  or  "universe"  [22,  23].  Ideally  a  mathe- 
matical equation,  perhaps  of  considerable  complexity,  can  be  fitted  to 
each  population.  The  original  population,  or  the  derived  function,  will 
take  one  of  three  forms,  as  shown  in  Figure  33- 

A  continuous  measure  (Figure  33-A)  has  smoothly  changing  values  so 
that  a  uniquely  defined  value  is  associated  with  every  position.  It  is 
termed  a  continuous  measure  becuase  the  derived  equation  will  be  in 
mathematical  terms  a  continuous  function.  The  Earth's  surface  is  an 
example  of  a  continuous  measure. 

A  discontinuous  measure  (Figure  33-B)  can  be  visualized  as  a  series 
of  irregularly  shaped  stairsteps  or  plateaus.  Each  "step"  has  an  eleva- 
tion representing  its  value,  but  discontinuities  exist  between  steps 
since  no  unique  value  can  be  assigned  to  a  point  lying  on  the  step  bound- 
aries. Maps  which  show  the  distribution  of  similar  entities,  such  as 
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FIGURE  33.    THE    THREE  TYPES  OF   MEASURES 
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soil  and  geology  maps,  are  examples  of  discontinuous  measures. 

The  third  kind  of  measure  is  shown  in  Figure  33-C.  A  discrete 
measure  is  one  which  can  be  defined  only  at  certain  places.  For  example, 
measurement  of  road  intersection  characteristics  can  only  be  undertaken 
at  road  intersections  which  are  located  at  certain  discrete  positions 
in  space. 

The  discontinuous  measures  can  be  further  subdivided  into  "homogen- 
ous discontinuous  measures"  and  "heterogeneous  discontinuous  measures." 
Figure  31*  shows  the  difference.  Each  homogenous  unit  of  a  discontinuous 
measure  has  a  single  associated  value  represented  by  its  level  surface. 
In  contrast,  each  unit  of  a  heterogeneous  discontinuous  measure  has  an 
associated  range  of  values  distributed  according  to  some  probability 
function.  This  may  be  represented  by  a  wavy  or  sloping  surface. 

Substitution  of  Measures 

It  is  possible  to  approximate  continuous  measures  by  discontinuous 
ones.  For  instance,  classification  of  continuous  measures  into  standard 
units  transforms  them  into  discontinuous  measures.  Such  an  approximation 
often  results  in  a  loss  of  information  because  knowledge  of  within  unit 
variation  is  suppressed. 

A  heterogeneous  discontinuous  measure  can  be  approximated  by  a 
homogenous  discontinuous  measure  through  the  use  of  an  appropriate 
statistic  to  represent  the  probability  density  function.  For  instance 
the  mean,  median,  or  mode  can  be  used  to  represent  the  average  value, 
while  the  variance  or  standard  deviation  can  be  used  to  represent  the 
inherent  variability.  The  approximation  of  a  heterogeneous  discontinuous 
function  by  a  homogeneous  one  also  results  in  a  loss  of  information. 
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FIGURE  34.  HOMOGENEOUS   AND  HETEROGENEOUS 
DISCONTINUOUS    MEASURES. 
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These  substitutions  and  their  associated  information  losses  are  well 

demonstrated  during  the  preparation  of  geologic  and  pedalogic  maps. 

Mclntyre  [78]  has  attempted  to  study  and  define  these  various  "levels  of 

error"  in  connection  with  certain  geochemical  studies.  Generally  however 

soil  scientists  have  been  more  cognizant  of  this  problem  than  geologists. 

The  Seventh  Approximation,  the  most  recent  soil  classification  system 

proposed  by  the  U.S.  Department  of  Agriculture  [119]»  describes  the 

current  concepts.  The  fundamental  soil  unit  is  the  "pedon"  which  is 

defined  as 

"a  three  dimensional  body  of  soil  with  lateral  dimensions 
large  enough  to  permit  the  study  of  horizon  shapes  and 
relations.  Its  area  ranges  from  one  to  ten  square  meters..." 

A  "soil"  or  "soil  individual"  is  defined  as  follows :- 

"A  soil  consists  of  one  or  many  contiguous  pedons,  bounded 
on  all  sides  by  "not- soil"  or  by  pedons  of  unlike  character." 

The  individual  pedons,  alone  or  associated  as  soils,  form  a  con- 
tinuous measure.  The  boundaries  between  soils  "are  often  gradational 
and  difficult  to  locate  precisely  in  the  field"  [119] • 

The  construction  of  a  soil  map  requires  classification  and  grouping 

of  soil  individuals  into  "soil  series."  The  Seventh  Approximation  states: 

"The  areas  identified  by  soil  maps  as  to  series  are  at 
best  rough  representations  of  the  soil  individuals.... 
As  soil  maps  are  usually  made,  the  use  of  a  series  name 
merely  indicates  that  the  major  part  (85  percent  or  more) 
of  the  area  belongs  to  that  series." 

Thus  the  soil  map  becomes  a  discontinuous  measure,  an  approximation  to 
the  field  conditions.  Furthermore,  because  it  suppresses  all  information 
about  the  actual  field  variations  occurring  within  any  particular  area 
mapped  as  a  soil  series,  it  can  be  utilized  only  as  a  homogeneous  dis- 
continuous measure.  Actual  field  sampling  programs  within  mapped  units 
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can  be  designed  to  reflect  their  heterogeneity,  however  [119] • 

Design  of  Sampling  Procedures 

Different  sampling  procedures  are  utilized  for  each  kind  of  measure. 
Discrete  measures  are  the  simplest  to  sample.  Sample  locations  are 
limited  to  a  finite  number  of  clearly  defined  positions.  If  this  number 
is  not  unduly  large  it  is  possible  to  sample  the  entire  population.  This 
was  the  case,  for  instance,  when  the  road  intersection  characteristics 
were  measured  in  the  northern  test  area.  The  total  number  of  road  inter- 
sections shown  on  the  county  highway  map  is  lf-02;  thus  all  were  sampled. 

If  the  total  number  of  observations  is  too  large,  limiting  criteria 
can  be  applied.  For  instance,  only  alternate  road  intersections  can  be 
measured,  thus  halving  the  number  of  observations.  Alternatively,  all 
road  intersections  can  be  numbered  and  those  ending  in  certain  digits 
can  be  omitted,  thus  developing  a  random  sample.  Finally  only  those 
intersections  belonging  to  certain  categories  can  be  studied  developing 
a  biased  sample  which  ignores  extraneous  conditions.  When  sampling  the 
road  intersections  in  the  southern  test  area,  for  example,  only  those 
intersections  involving,  at  least,  one  "hard-surface,  medium  duty,  two- 
lane  road"  were  utilized.  The  criteria  eliminated  all  gravel  road- gravel 
road  intersections  and  reduced  the  number  of  sampled  intersections  to 
105U.  The  resulting  biased  sample  measured  the  distribution  of  major 
and  secondary  transportation  routes  only  and  ignored  purely  local  dis- 
tribution systems.  This  was  believed  acceptable  at  the  Band  and  Corridor 
levels  of  the  highway  planning  hierarchy. 

Sampling  procedures  for  discontinuous  measures  are  only  slightly 
more  complex.  Sufficient  sample  points  are  required  to  define  the 
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boundaries  of  the  various  map-units,  plus  a  few  extra  points  to  "fill-in" 
the  interior  portions  of  the  larger  units,  as  shown  in  Figure  35. 

In  designing  such  a  sampling  procedure  the  operator  should  consider 
the  amount  of  detail,  or  resolution,  required  in  the  finished  product. 
The  resolution  should  be  stated  as  some  linear  distance  at  the  map  scale. 
Features  smaller  than  this  resolution  value  can  properly  be  ignored. 
Thus  the  total  number  of  points  required  is  a  function  of  the  number  of 
discrete  map  units  shown  on  the  map  and  the  required  resolution. 

The  above  procedure  is  applicable  to  homogeneous  discontinuous 
measures  and  requires  modification  if  applied  to  heterogeneous  discon- 
tinuous measures.  Such  measures  are  heterogeneous  because  each  map  unit 
has  an  associated  known  variability  within  it.  Thus  each  unit  has  a 
different  difficulty  of  measurement  and  in  order  to  measure  each  unit 
with  the  same  reliability,  the  sampling  density  (number  of  samples  per 
unit  area)  for  each  unit  should  be  adjusted  to  reflect  its  inherent  vari- 
ability. In  this  way  roughly  uniform  sampling  reliability  is  obtained 
over  an  entire  map.  A  suitable  measure  of  the  inherent  variability 
within  each  unit  must  be  developed. 

As  has  been  already  discussed,  continuous  measures  are  rarely  shown 
on  maps.  Topographic  maps  portray  the  Earth's  surface  which  is  a  con- 
tinuous measure  (in  the  absence  of  vertical  cliffs).  However  this  con- 
tinuous surface  is  not  uniformly  easy  to  sample.  Closely  adjacent  points 
can  include  a  great  variety  of  relationships  which  collectively  form 
"topography."  Topography  is  classifiable  into  any  number  of  categories 
which  are  frequently  given  names  such  as  "smooth,"  "rolling,"  "hilly," 
"crested,"  etc.  Topographic  maps  show  these  differences  by  contour  line 
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SAMPLE    LOCATION 


FIGURE    35.      SAMPLING    PROCEDURES    FOR 
DISCONTINUOUS     MEASURES 
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patterns  of  different  types.  It  is  possible  to  subdivide  topographic 
maps  into  areas  containing  different  kinds  of  topography.  This  sub- 
division converts  a  continuous  measure  into  a  heterogeneous  discontinu- 
ous one,  since  each  type  of  topography  has  an  associated  difficulty  of 
sampling. 

As  discussed  in  Chapter  III,  vector  analysis  procedures  were  devel- 
oped by  Hobson  [Ul]  to  measure  terrain  roughness.  These  procedures  were 
carefully  studied  and  extended  as  part  of  this  project,  and  a  terrain 
variability  factor  was  defined  as  follows :- 

range  in  elevation 


terrain  variability  factor  = 


log  (roughness) 

Values  of  this  factor  are  large  in  "rough"  areas  and  small  in  "smooth" 
areas.  Details  of  these  experiments  are  described  by  Turner  and  Miles 
[115]  and  are  summarized  in  Chapter  III. 

The  terrain  variability  factor  is  used  in  designing  a  sampling  pro- 
cedure for  a  topographic  map.  Figure  36-A  shows  a  hypothetical  map  area. 
The  researcher  can  subdivide  this  topographic  map  into  six  subareas, 
each  belonging  to  one  of  three  categories.  These  are  shown  in  Figure 
36-B.  The  topographic  map  is  now  considered  a  heterogeneous  discontinu- 
ous measure. 

The  fraction  of  the  total  map  area  belonging  to  each  subarea  can  be 
estimated  or  it  can  be  measured  by  a  planimeter.  The  terrain  variability 
factor  for  each  subarea  can  be  derived  from  data  obtained  by  measurement 
according  to  specified  procedures  and  computed  by  program  VECTOR  [Ul,  115]. 
Examination  of  Table  2 (see  page  5b)   shows  that  each  category  of  terrain 
has  an  associated  range  of  terrain  variability  factors.  Thus  with 
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patterns  of  different  types.  It  is  possible  to  subdivide  topographic 
maps  into  areas  containing  different  kinds  of  topography.  This  sub- 
division converts  a  continuous  measure  into  a  heterogeneous  discontinu- 
ous one,  since  each  type  of  topography  has  an  associated  difficulty  of 
sampling. 

As  discussed  in  Chapter  III,  vector  analysis  procedures  were  devel- 
oped by  Hobson  [Ul]  to  measure  terrain  roughness.  These  procedures  were 
carefully  studied  and  extended  as  part  of  this  project,  and  a  terrain 
variability  factor  was  defined  as  follows :- 

range  in  elevation 


terrain  variability  factor  » 


log  (roughness) 

Values  of  this  factor  are  large  in  "rough"  areas  and  small  in  "smooth" 
areas.  Details  of  these  experiments  are  described  by  Turner  and  Miles 
[115]  and  are  summarized  in  Chapter  III. 

The  terrain  variability  factor  is  used  in  designing  a  sampling  pro- 
cedure for  a  topographic  map.  Figure  36-A  shows  a  hypothetical  map  area. 
The  researcher  can  subdivide  this  topographic  map  into  six  subareas, 
each  belonging  to  one  of  three  categories.  These  are  shown  in  Figure 
36-B.  The  topographic  map  is  now  considered  a  heterogeneous  discontinu- 
ous measure. 

The  fraction  of  the  total  map  area  belonging  to  each  subarea  can  be 
estimated  or  it  can  be  measured  by  a  planimeter.  The  terrain  variability 
factor  for  each  subarea  can  be  derived  from  data  obtained  by  measurement 
according  to  specified  procedures  and  computed  by  program  VECTOR  [kl,   115]. 
Examination  of  Table  2 (see  page  5*0  shows  that  each  category  of  terrain 
has  an  associated  range  of  terrain  variability  factors.  Thus  with 
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SAMPLING    DISTRIBUTION    TABLE 


SUBAREA 

TERRAIN 
TYPE 

ESTIMATED 

VARIABILITY 

"i. 

FRACTIONAL 
AREA 

PRODUCT 

SUBAREA 
SAMPLES 

1 

FLOODPLAIN 

5.0 

0.36 

1.80 

22 

2 

GROUND 
MORAINE 

15.0 

0.04 

0.60 

9 

3 

GROUND 
MORAINE 

15.0 

0.13 

1.95 

23 

4 

HILLS 

80.0 

0.13 

10.40 

123 

5 

HILLS 

80.0 

0.10 

8.00 

95 

6 

HILLS 

80.0 

0.24 

19.20 

228 

TOTALS 

1.00 

41.95 

500 

FIGURE  36.     SAMPLING    PROCEDURES    FOR    TOPOGRAPHIC    MAPS. 
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experience  an  operator  can  estimate  a  terrain  variability  factor  which 
is  quite  accurate.  These  values  are  entered  in  the  appropriate  columns 
of  a  sampling  distribution  table  (Figure  36-c). 

If  the  variability  factor  and  the  percent  area  belonging  to  each 
subarea  on  a  map  sheet,  such  as  Figure  36-B,  are  known  and  the  total 
number  of  samples  to  be  distributed  on  the  map  is  decided  on,  the 
following  equation  will  distribute  the  points  among  the  various  subareas: 

v. a. 
ni  = 


v.  a. 
i  1 

where  i  is  the  subarea  number,  v.  is  the  variability  of  the  ith  subarea, 
a.  is  the  percent  area  of  the  ith  subarea,  and  N  is  the  total  number  of 
samples  on  the  map.  Such  a  distribution  of  sample  points  among  the 
various  subareas,  will  result  in  approximately  equal  sampling  reliability 
over  an  entire  map  area.  These  calculations  are  shown  in  Figure  36-C. 
The  summation  of  the  products  of  the  individual  terrain  variability 
factors  and  the  subarea  areas  is  the  measure  of  the  overall  map  variabil- 
ity and  is  termed  the  weighted  variability  number. 

One  problem  remains.  What  value  should  be  assigned  to  W,  the  total 
number  of  samples  on  the  map?  A  relationship  exists  between  N  and  the 
weighted  variability  number.  It  was  decided  to  determine  this  relation- 
ship. Accordingly,  six  map  quadrangles  lying  within  the  southern  test 
area  and  having  weighted  variability  numbers  ranging  from  111-  to  15U  were 
selected  for  further  study. 

Each  map  was  digitized  with  900  points.  Trend  surfaces  were  fitted 
to  each  map  and  each  data  set  was  interpolated  to  form  gridded  values  at 
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a  one  half  inch  spacing  over  the  entire  quadrangle.  A  random  selection 
of  k50  points  was  obtained  from  the  original  900  points  and  the  trend 
surface  and  interpolation  analyses  were  repeated.  Each  map  was  also 
sampled  with  150  points  as  part  of  the  elevation  measure  collected  to 
study  the  earthwork  cost  factor  in  the  southern  test  area.  These  data 
were  also  analyzed  by  trend  surfaces  and  interpolated  to  form  gridded 
values.  In  this  way,  three  different  sample  distributions  for  each  of 
the  six  quadrangles  were  analyzed  in  an  identical  fashion  to  produce 
trend  surface  and  interpolated  "original  value"  contour  maps  and  associ- 
ated matrices. 

Graphical  and  quantitative  map  comparison  procedures  were  used  to 
interpret  the  results.  The  comparisons  were  made  among  the  maps  of  each 
quadrangle  independently  of  the  other  quadrangles.  Graphical  comparisons 
showed  the  first,  second,  and  third  degree  trend  surfaces  to  be  very 
similar  for  all  quadrangles.  Accordingly  the  quantitative  map  comparison 
procedures  suggested  by  Tobler  [112]  were  used  only  to  compare  the  fourth 
and  fifth  degree  trend  surface  and  "original  value"  maps  for  each  quad- 
rangle. 

The  quantitative  methods  produce  a  series  of  correlation  coefficients 
as  measures  of  map  similarity.  Using  these  values  each  type  of  map 
(fourth  degree  trend,  fifth  degree  trend,  or  "original  values")  was 
studied  in  turn  to  determine  the  degree  of  similarity  between  the  map 
produced  from  900  points  and  those  produced  from  the  smaller  sampling 
distributions.  If  the  map  produced  from  ^50  points  is  almost  identical 
to  the  one  prepared  from  900  points,  but  the  map  based  on  150  points  is 
markedly  different,  then  a  sampling  rate  of  between  150  and  ItfO  points  is 
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the  minimum  acceptable  rate. 

In  order  to  define  these  minimum  rates,  plots  were  prepared  showing 
the  correlation  coefficients  versus  the  weighted  variability  number  and 
the  number  of  points  sampled.  These  three  dimensional  plots  were  used  to 
locate  values  of  the  weighted  variability  number  and  the  number  of  points 
for  which  the  correlation  coefficients  were  approximately  O.98  and  0.90. 
These  extracted  values  were  used  to  prepare  the  graphs  shown  in  Figures 
37  and  38.  These  graphs  may  be  used  to  select  a  suitable  total  number  of 
samples  for  any  map  whose  weighted  variability  number  is  known.  Minimum 
acceptable  sampling  rates  are  indicated  by  those  values  falling  within 
the  shaded  area  for  any  weighted  variability  number. 

The  upper  boundary  of  the  shaded  area  corresponds  to  a  correlation 
coefficient  of  about  O.98,  the  lower  boundary  to  a  coefficient  of  0.90. 
The  heavy  dotted  line  represents  the  median  values.  Sampling  rates  that 
plot  far  above  the  shaded  areas  are  " overs ampled,"  many  more  samples 
having  been  taken  than  is  necessary.  Points  lying  below  the  shaded  zone 
indicate  "under sampling" .  In  order  to  obtain  reasonably  stable  trend 
surface  equation  coefficients,  the  ratio  of  sample  points  to  coefficients 
should  be  three  or  better  [82] .  Thus  a  fourth  degree  trend  surface  (15 
coefficients)  needs  at  least  k5   sample  points  and  a  fifth  degree  surface 
(21  coefficients)  at  least  63  sample  points,  irregardless  of  the  map 
variability.  These  values  therefore  set  lower  limits  on  these  sample 
distributions. 

Comparison  of  the  three  graphs  shows  that  for  any  value  of  the 
weighted  variability  number,  the  fourth  degree  trend  surface  requires 
fewer  sampling  points  than  the  fifth  degree  surface,  which  requires  less 


129 


< 

tr 
o 
< 

o 

to 


O 

Q. 

U- 
O 

or 

LU 

m 


600 


400 


200  - 


oL 


A) 


4TH  DEGREE  TREND  SURFACES 


AREA    OF 
'0VERSAMPLING 


AREA    OF      UNDERSAMPLING 


50  100 

WEIGHTED    VARIABILITY    NUMBER 


150 


id 


600 


< 
o 

i/> 

t- 

o 

Q- 

U. 

O 

tr 

UJ 

m 


200 


5™  DEGREE  TREND 
SURFACES 


AREA   OF 
'0VERSAMPLING 


AREA    OF      UNDERSAMPLING 


-i_ 


JL. 


50  100 

WEIGHTED     VARIABILITY      NUMBER 


150 


FIGURE  37.      RELATIONSHIP   BETWEEN    MINIMUM    SAMPLING 
RATES   AND   WEIGHTED  VARIABILITY   NUMBER   FOR    FOURTH 
AND  FIFTH  DEGREE  TREND   SURFACES. 


130 


_J 
O 

< 

cc 

Q 
< 

o 


01 


o 


o 


cc 

Ld 
CD 


"ORIGINAL 

VALUES"  MAPS 

1000 

/:■■/:. 

AREA    OF 

/■■/■■/ 

800 

"oversampling" 

600 

400 

/■■.°7  -y 

/ 

/  ^    7 

AREA    OF 

"undersampling" 

1/   / 

200 

~       /:/■/ 

J£S 

0 

^j**^              i 

'                                         1 

50  100 

WEIGHTED     VARIABILITY      NUMBER 


150 


FIGURE  38.  RELATIONSHIP  BETWEEN  MINIMUM 
SAMPLING  RATES  AND  WEIGHTED  VARIABILITY 
NUMBER    FOR    ORIGINAL    VALUES    MAPS. 


131 


sample  points  than  the  "original  values"  map.  Furthermore,  the  inter- 
action between  the  map  variability  and  the  number  of  samples  required  is 
much  stronger  for  the  "original  values"  maps  than  for  the  trend  surfaces. 
This  is  shown  by  the  almost  k5   degree  slope  of  the  shaded  zone  in  the 
last  graph.  All  three  graphs  tend  to  show  a  wider  dispersion  of  the 
shaded  zone  for  higher  weighted  variability  numbers.  "Smooth"  maps  have 
limited  variability  by  their  very  nature,  while  high  values  of  the 
weighted  variability  number  can  be  obtained  on  a  variety  of  maps.  The 
widening  of  the  shaded  zone  reflects  this  condition. 

Description  of  Sampling  Equipment 
Development  of  a  prototype  GCARS  System  required  large  volumes  of 
data  describing  the  various  highway  location  factors  in  numerical  form 
so  that  computer  processing  could  be  undertaken.  Information  on  most 
factors  is  most  conveniently  available  and  is  most  readily  understood 
when  it  is  shown  on  maps.  Thus  some  method  of  rapidly  reducing  maps  to 
numerical  measures  was  required. 

Manual  methods  of  sampling  mapped  data  were  used  in  early  feasibility 
studies.  These  proved  to  be  slow  and  cumbersome  however.  During  develop- 
ment of  the  digital  terrain  model  MIT  engineers  concluded  that  machine- 
assisted  data  collection  procedures  were  eight  to  twelve  times  faster 
than  manual  methods  and  were  more  accurate  [103].  Several  commercially 
available  "digital  coordinatographs"  are  available.  These  machines  auto- 
matically measure  the  X  and  Y  coordinates  of  graphical  data  and,  on 
command,  record  these  values  on  paper  tape,  punched  cards,  or  magnetic 

tape  for  computer  processing.  A  Benson-Lehner  Corporation  LAKR-V  (Large 

* 
now  called  Graphic  Systems  Division,  Computer  Industries,  Inc.,  Van  Nuys, 

California. 
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Area  Record  Reader  -  Vertical)  was  purchased  along  with  an  IBM  model  029 
card  punch.  Installation  of  the  equipment  took  place  on  October  9,  1967. 
Except  for  occasional  servicing,  the  system  has  operated  satisfactorily 
since  that  time. 

Figure  39  shows  the  equipment  installed  in  the  Airphoto  Interpreta- 
tion and  Photogrammetry  Laboratory.  There  are  three  basic  units; 
(l)  the  reading  table,  (2)  the  Telecordex  unit,  and  (3)  the  IBM  model  029 
cardpunch.  Connection  of  the  cardpunch  into  the  system  does  not  affect 
its  capabilities  in  any  way.  Normal  operation  of  the  punch  is  possible 
except  when  it  is  receiving  and  punching  information  from  the  LARR-V  unit. 

The  reading  table  consists  of  a  standard  55  inch  by  85  inch  formica 
covered  drafting  table.  The  table  can  be  tilted  and  used  in  any  position 
from  horizontal  to  vertical,  and  can  be  raised  or  lowered  over  a  3mall 
range. 

Three  arms  are  mounted  on  the  table  (see  Figure  39 )♦  The  X-axis  arm 
is  rigidly  mounted  along  the  rear  of  the  table.  The  Y-axis  and  keyboard 
arms  are  free  to  travel  back  and  forth  along  it.  A  small  carriage  con- 
taining a  readout  switch  and  plastic  cursor  travels  up  and  down  the 
Y-axis  arm.  A  twelve  digit  keypack  is  mounted  on  the  keyboard  arm,  and 
is  used  to  record  "Z-axis"  information,  such  as  elevations  from  topogra- 
phic maps. 

The  X  and  Y  coordinates  are  measured  by  two  "encoders."  An  encoder 
contains  two  plastic  discs  mounted  on  a  shaft  and  two  magnetic  heads  such 
as  are  found  in  tape  recorders.  The  discs  contain  markings  which  can  be 
"read"  by  these  magnetic  heads.  A  radio  frequency  signal  is  applied  to 
the  heads.  When  the  encoder  shaft  is  rotated  the  plastic  discs  move  past 
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1 

X-axis  arm 

2 

Y-axis  arm 

3 

keyboard  arm 

4 

keypack 

5 

cursor  carriage 

6 

readout  button 
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X-axis  encoder 

8 

Y-axis  encoder 

9 

magnetic  hold-down  strips 

10 

roller  for  long  charts 

B      TELECORDEX   UNIT 

11  X-oxis  telepack 

12  Y-axis  telepack 

13  event  counter 

14  memory  and   control    unit 

15  power  switches 

16  constant  dota  switches 

17  patch  panel 
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FIGURE  39.    THE   LARR-V    DIGITAL    COORDINATOGRAPH 
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the  heads,  the  imprinted  markings  are  read  by  the  heads,  and  the  signal 
is  modified  into  a  square  wave  containing  clearly  defined  pulses.  Dif- 
ferently shaped  curves  are  obtained  with  clockwise  and  counter-clockwise 
rotations.  Thus  interpretation  of  the  returning  waves  will  indicate  a 
direction  and  a  distance  by  the  shape  and  number  of  pulses  encountered. 
The  installed  encoders  measure  2000  counts  per  revolution  and  are 
attached  so  that  one  revolution  corresponds  to  5  inches  of  travel  along 
either  axis.  Thus  the  basic  resolution  along  either  axis  is  MX)  counts 
per  inch  (0.0025"). 

One  encoder  is  mounted  at  the  left  end  of  the  X-axis  arm  and  is 
connected  by  a  stainless  steel  cable  loop  to  the  Y-axis  arm  so  that  move- 
ment of  the  arm  across  the  table  causes  rotation  of  the  encoder  shaft. 
The  second  encoder  is  mounted  on  top  of  the  Y-axis  arm  and  is  connected 
so  that  movement  of  the  cursor  carriage  up  and  down  the  Y-axis  arm  causes 
rotation  of  its  shaft.  The  maximum  usable  reading  area  in  a  single  setup 
is  60  inches  in  the  X  direction  by  k8   inches  in  the  Y  direction. 

The  Telecordex  unit  contains  a  number  of  sub-units  (see  Figure  39) • 
On  top  there  are  two  Telepack  units  which  accumulate  and  store  the  count 
totals  coming  from  the  X  and  Y  encoders.  Continuous  displays  of  these 
counts  are  given  by  a  series  of  nixie  tubes.  Electrical  transmission  of 
the  values  to  recording  instruments  is  initiated  when  the  operator 
depresses  the  readout  button.  An  event  counter  unit  is  installed  below 
the  Telepack  units.  This  unit  records  and  displays  a  running  count  of 
the  number  of  readouts  taken  by  the  operator. 

The  Telecordex  also  contains  a  memory  and  control  unit.  This  unit 
contains  (l)  power  switches  for  the  system;  (2)  twelve  constant  data 
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switches,  each  containing  twelve  positions  (blank,  minus,  and  ten  digits, 
zero  through  nine)  which  can  be  used  to  enter  fixed  identification  data 
as  part  of  the  data  readout;  (3)  a  patch  panel;  and  (h)   a  memory  buffer 
for  the  Telepack  units. 

The  patch  panel  is  used  to  select  the  options  to  be  recorded  and  the 
sequence  of  these  options.  In  conjunction  with  a  standard  format  control 
(drum)  card  on  the  IBM  029  card  punch,  it  allows  the  operator  to  select 
any  of  an  extremely  wide  range  of  data  formats.  When  the  readout  button 
is  pressed  by  the  operator,  the  instantaneous  encoder  count  totals  are 
stored  in  the  memory  unit  and  the  options  requested  by  the  operator  on 
the  patch  panel  are  sequentially  fed  to  the  card  punch.  At  the  termina- 
tion of  the  readout  sequence  the  event  counter  is  advanced  one  selected 
increment  and  the  buffer  is  opened  to  accept  a  new  reading.  Because 
their  values  have  already  been  stored  in  the  buffer,  the  encoder  totals 
can  be  changed  during  the  readout  cycle;  in  other  words,  the  operator  can 
move  the  cursor  to  his  next  sampling  position  during  the  readout  cycle. 

If  the  operator  wishes  to  enter  Z-axis  values  via  the  keypack,  this 
option  must  be  requested  at  the  appropriate  place  in  the  readout  cycle. 
When  this  is  reached  the  unit  will  pause  until  the  values  are  entered  on 
the  keypack,  then  the  readout  cycle  will  be  completed. 

The  unit  is  extremely  flexible.  At  the  beginning  of  a  sequence  the 
operator  can  insert  initial  values  in  the  data  switches,  the  event  counter 
and  the  X  and  Y-axis  Telepacks.  Adjustments  can  be  made  to  the  Telepacks 
so  that  the  origin  can  be  anywhere  on  or  off  the  drafting  table  and  the 
positive  direction  of  either  axis  can  be  modified  so  that  sampling  can  be 
undertaken  in  any  geometric  quadrant.  Any  option  can  be  requested  many 
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times  within  a  readout  cycle,  and  many  readout  cycles  can  be  placed  on  a 
card . 

Sampling  Accuracy  and  Rates 

The  overall  system  accuracy,  as  described  by  the  manufacturer,  is 
+0.010  inch  from  any  point  to  any  point  within  the  k8  by  60  inch  digitiz- 
ing area.  The  maximum  counting  rate  of  the  encoders  is  50,000  counts  per 
second,  which  at  the  currently  available  maximum  counting  density  of  MX) 
counts  per  inch,  equals  a  movement  of  125  inches  per  second  along  either 
axial  direction.  Speeds  beyond  this  rate  would  cause  "lost- counts"  but 
these  should  not  be  encountered  in  practice. 

The  sampling  rate  is  affected  by  a  number  of  factors,  chiefly  the 
following :- 

(1)  the  card  feed  transit  time  and  punching  speed  of  the 
IBM  029  card  punch, 

(2)  the  amount  of  data  requested  in  a  readout  cycle, 

(3)  the  type  of  data  requested  in  a  readout  cycle, 
(k)     the  type  of  source  data  being  digitized, 

(5)  the  skill  of  the  operator 

(6)  the  number  of  readout  cycles  placed  on  a  card, 

(7)  the  quality  of  the  cards  being  punched. 

Table  5  gives  some  typical  sampling  rates  for  some  commonly  used 
data  combinations.  The  rates  are  based  on  experience  gained  during  the 
project.  In  those  cases  where  the  data  are  all  being  supplied  by  the 
machine,  it  is  important  to  place  as  much  data  as  is  convenient  on  a 
single  card.  Otherwise  the  sampling  rate  becomes  dependent  on  the  card 
release-feed  cycle  time  of  the  card  punch.  Such  situations  are  less 
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TABLE  5 
DATA  DIGITIZATION  SPEEDS  CM  THE  LARR-V 
CO-ORDINATOGRAPH 


Type  of  Data 

Sampling  Rate 

l)  X  and  Y  co-ordinates  from  cross-sections  or 
graphs . 

a)  multiple  data  sets  on  one  card 

b)  single  data  set  on  a  card 

1*00-1*75  points/hour^ 

1*40-1*75  points/hour 
1*00-1*50  points/hour 

2)  X,  Y,  and  Z  co-ordinates,  when  Z  co- 
ordinate can  be  set  on  fixed  data  switches 
and  punched  automatically. 

350-1*00  points/hour'3' 

3)  X,  Y,  and  Z  co-ordinates,  when  a  Z  co- 
ordinate of  no  more  than  three  digits  is 
entered  by  the  operator  from  the  Keypack. 

a)  topographic  data  from  l:2l*,000 
scale  maps 

b)  topographic  data  from  1:250,000 
scale  maps 

250-350  points/hour^ 

300-350  points/hour 
250-300  points/hour 

1*)  X,  Y,  and  Z  co-ordinates,  when  a  Z  co- 
ordinate of  more  than  three  digits  must  be 
entered  from  the  Keypack. 

less  than  200 

points/hour 

(1)  Rates  based  on  experience  during  this  project  and  are  representative 
of  rates  achieved  under  normal  conditions  with  an  experienced 
operator. 

(2)  Rate  depends  on  quality  and  characteristics  of  the  graph. 

(3)  Engineering  soils  maps,  land  use  maps,  and  similar  maps  are  examples 
of  this  type  of  data. 

(I*)  Rate  depends  on  complexity  of  map,  contour  interval,  and  frequency 
of  contour  interval  identification.  The  latter  largely  accounts  for 
the  slower  rates  for  1:250,000  scale  maps. 


138 


likely  to  occur  when  the  manual  keyboard  is  required. 

When  topographic  elevations  are  being  measured  the  operator  often 
has  to  count  the  contour  intervals  from  a  known  elevation  before  punching 
the  value  on  the  keyboard.  The  quality  of  the  map  being  digitized  and  the 
skill  of  the  operator  will  greatly  affect  the  sampling  rates  under  these 
circumstances.  It  was  found  for  instance  that  the  small  scale  1:250,000 
topographic  maps  were  more  difficult  to  sample  than  the  1:2^,000  -scale 
maps  because  the  actual  contour  values  are  shown  less  frequently  on  the 
small  scale  maps.  As  a  consequence  the  operator  had  to  search  for  these 
values  from  time  to  time. 

Of  course,  if  the  cards  being  used  are  warped  or  damaged  in  any  way, 
card-feed  problems  will  develop  which  will  greatly  slow  down  the  sampling 
rate.  It  was  for  this  reason  that  the  equipment  was  placed  as  shown  in 
Figure  39.  While  sitting  at  the  reading  table  the  operator  was  within 
easy  access  to  all  controls  on  both  the  card  punch  and  the  telecordex 
unit. 

Data  Analysis  Procedures 

Measures,  Values,  and  Utilities 

A  "measure"  has  already  been  defined  as  "a  suitable  source  of  infor- 
mation for  a  factor."  For  example,  an  engineering  soils  map  contains 
basic  information  needed  to  evaluate  the  pavement  construction  cost 
factor,  and  thus  is  a  measure  for  the  factor.  It  is  but  one  form  of  a 
soils  map,  however,  and  other  maps  are  also  measures  of  the  same  factor. 

Measures  do  not  supply  all  the  information  on  their  factors  that  is 
needed  by  the  GCARS  System.  Often  measures  have  to  be  transformed  so  as 
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to  reflect  either  the  costs  which  will  be  incurred  or  the  benefits  which 
will  accrue  in  terms  of  particular  factors.  Such  transformed  measures 
are  termed  "values."  A  "value"  may  be  defined  as  "a  function  of  a  factor 
reflecting  either  costs  or  benefits  according  to  some  quantitative  or 
semi-quantitative  scale."  Values  may  be  defined  without  direct  reference 
to  either  dollar  costs  or  dollar  benefits.  Values  are  a  spatial  phenom- 
enon; thus  it  is  possible  to  discuss  and  graphically  portray  "value 
surfaces." 

A  value  surface  may  be  either  a  cost  surface  or  a  benefit  surface. 
Each  value  surface  has  a  unique  vertical  scale  representing  the  particu- 
lar value  function  or  rating  system  used  to  derive  it.  The  GCARS  System 
generates  alternatives  through  repeated  application  of  minimum  path 
analysis  procedures.  What  is  desired  however  is  to  maximize  benefits 
and  to  minimize  costs.  Thus  benefits  should  be  considered  as  the  inverse 
of  costs.  Obviously  values  are  not  always  suitable  for  minimum  path 
analysis  and  in  the  general  case  a  further  transformation  is  required. 

Transformed  values  are  termed  "utilities."  A  utility  is  defined  as:- 
"a  function  of  a  factor  reflecting  either  costs  or  benefits  in  a  form 
suitable  for  minimum  path  analysis  and  having  a  standardized  range  of 
values  so  that  addition  with  other  utilities  is  possible  in  known  ratios." 
Utilities  are  also  spatial  phenomena,  and  thus  form  utility  surfaces. 

Values  representing  costs  can  be  transformed  to  utilities  by  merely 
standardizing  their  range  of  values.  Values  representing  benefits  must 
be  inverted  as  well  as  standardized,  so  that  areas  of  high  benefit  values 
on  the  value  surfaces  become  low  areas  on  the  utility  surfaces.  Then 
minimum  path  analysis  of  the  utilities  will  result  in  maximization  of 
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the  benefits.  Figure  21  (see  page  9*0  and  Table  k   (see  page  115)  show 
the  interrelationships  between  factors,  measures,  and  utilities. 

In  the  prototype  GCARS  System,  measures,  values,  and  utilities  are 
stored  in  the  computer  as  matrices.  The  transformations  just  described 
therefore  involve  simple  matrix  algebra. 

Development  of  Utility  Networks 

As  described  in  Chapter  III  (page  8o)  minimum  path  analysis  is  per- 
formed only  on  a  particular  type  of  graph  called  a  network.  In  a  network 
each  link  connecting  two  nodes  has  up  to  two  measures  of  desirability  of 
travel,  since  travel  may  be  in  either  direction.  These  measures  are 
termed  the  capacity,  resistance  or  value  of  the  links  and  can  be  measured 
in  any  convenient  units. 

In  the  present  situation,  the  utility  matrices  can  be  considered  to 
form  the  nodes  of  a  network.  There  are  a  large  number  of  possible 
methods  of  joining  the  nodes  to  form  a  network.  The  simplest  method 
perhaps,  is  the  one  chosen;  all  rows  and  columns  in  the  matrix  were  join- 
ed to  form  a  square  network  having  a  link  to  node  ratio  of  almost  four. 
The  link  capacities  were  computed  as  the  average  of  the  utilities  of  their 
two  end  nodes.  The  links  were  assumed  to  be  undirected,  having  the  same 
capacity  for  travel  in  either  direction.  On  this  basis  a  link  table  was 
constructed  which  described  each  link,  in  each  direction,  by  origin  node, 
destination  node  and  its  associated  capacity.  These  networks  are  termed 
utility  networks.  The  data  are  now  in  a  form  suitable  for  minimum  path 
analysis. 
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Generation  of  Single  Factor  Alternatives 
Before  the  minimum  path  analysis  can  begin,  a  suitable  origin  and 
destination  must  be  selected  and  defined  by  their  nearest  nodes. 

The  prototype  GCARS  System  utilizes  the  Road  Research  Laboratory 
(RRL)  minimum  path  algorithm  described  in  Chapter  III  (page  &k).     The 
algorithm  was  modified  according  to  the  procedures  defined  by  Ayad  [8]  so 
that  a  series  of  alternative  routes  could  be  generated.  After  the  net- 
work is  analyzed  for  the  first  minimum  path  between  the  designated  origin 
and  destination,  the  central  links  of  the  path  are  reassigned  arbitrarily 
very  high  values  and  removed  from  further  consideration.  The  revised 
network  is  reanalyzed  to  find  a  new  minimum  path  which  becomes  the  second 
choice  and  the  process  is  repeated  until  a  limiting  criterion  is  met.  In 
the  prototype  system  generation  of  alternatives  continued  until  either  the 
latest  path  total  equalled  or  exceeded  twice  the  first  choice  path  value, 
or  until  seven  choices  were  evaluated. 

Not  all  the  links  in  the  chosen  paths  are  reassigned  high  values; 
those  near  the  ends  are  allowed  to  retain  their  true  values  and  thus  may 
form  part  of  several  alternatives.  This  is  necessary  if  the  choices  are 
not  to  become  unduly  constrained.  Based  on  Ayad's  studies,  seven  percent 
of  the  links  in  the  path,  three  and  one  half  percent  at  each  end,  were 
allowed  to  retain  their  original  values.  This  value  was  rounded  to  the 
nearest  link  and  was  never  allowed  to  drop  below  one  link  at  each  end. 
As  presently  organized,  the  prototype  GCARS  System  transforms  the 
value  matrices  to  utility  matrices,  constructs  a  network  link  table  and 
performs  the  minimum  path  analysis  in  a  single  pass.  Program  NET  performs 
the  value  to  utility  transformation  and  prepares  the  link  table,  then  it 


calls  on  subroutine  MPATH  to  perform  the  minimum  path  analysis.  Details 
of  these  programs  are  to  be  documented  and  published  at  a  later  date 
[116,  117]. 

Generation  of  Multiple  Factor  Alternatives 

Additional  computation  is  necessary  to  generate  alternatives  for  a 
combination  of  factors.  First,  a  suitable  combined  utility  matrix  must 
be  developed;  second,  a  network  must  be  derived  from  this  matrix;  third, 
minimum  path  analysis  must  be  applied  to  this  network. 

In  the  prototype  GCARS  System  these  procedures  are  performed  by  pro- 
gram NETSUM  and  subroutine  MPATH.  Program  NETSUM  utilizes  the  value 
matrices  for  each  factor  being  considered.  These  are  evaluated  sequen- 
tially. First  they  are  transformed  to  utilities,  then  each  is  multiplied 
by  a  weighting  factor  specified  by  the  engineer.  The  weighted  utility 
values  are  added  to  form  a  new  matrix  containing  the  weighted  values  of 
the  utilities  for  all  factors  being  considered.  A  network  is  constructed 
as  in  the  single  factor  case. 

Subroutine  MPATH  performs  the  sequential  minimum  path  analysis  for 
this  network  in  the  same  manner  as  for  the  single  factor  case.  Any 
number  of  factors  can  be  utilized  in  the  analysis  and  the  same  factors 
can  be  combined  in  a  variety  of  ways  in  a  single  job.  On  request,  a  copy 
of  the  combined  matrix  will  be  punched  onto  cards  for  later  study  or 
further  analysis. 

Evaluation  of  Generated  Alternatives 

Following  the  generation  of  the  multiple  factor  alternatives  the 
design  engineer  should  study  each  to  determine  if  any  have  marked  advant- 
ages or  disadvantages  in  terms  of  route-dependent  factors.  The  total 
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lengths  of  the  various  choices,  as  shown  by  the  number  of  constituent 
links  since  each  has  a  unit  length,  is  an  important  and  easily  studied 
route-dependent  factor.  The  shorter  more  direct  routes  having  only 
slightly  higher  total  costs  may  actually  out-rank  longer  alternatives 
given  a  higher  initial  ranking. 

Thus  a  careful  evaluation  and  possible  reordering  of  alternatives 
should  be  performed  before  the  analysis  is  termed  complete. 
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CHAPTER  V 
ANALYSIS  OF  SOUTHERN  TEST  AREA 

Investigation  of  Route  Independent  Highway 
Location  Factors 

The  pertinent  characteristics  of  the  southern  test  area  are  describ- 
ed in  Chapter  IV  and  are  shown  graphically  in  Figures  2k,   25,  26,  and  27. 

Seven  measures  were  selected  to  study  the  four  route  independent 
factors  of  earthwork  cost,  pavement  construction  cost,  right  of  way 
acquisition  cost  and  service  benefits.  The  measures  were  displayed  in 
graphical  form,  as  maps.  When  possible,  available  maps  were  used  as 
measures,  but  in  other  cases  suitable  maps  had  to  be  prepared.  These 
were  sampled  to  obtain  numerical  measures  which  were  later  converted  to 
values  and  utilities.  Some  measures  were  converted  to  more  than  one  type 
of  utility  or  value.  Table  k   (page  115)  summarizes  the  measures,  values, 
utilities  and  transformations  studied. 

Trend  surface  analysis  was  used  to  check  the  values  for  accuracy  in 
evaluating  the  factors  and  for  lack  of  bias.  Afterwards,  transformation 
of  the  values  to  utilities  was  undertaken,  then  single  factor  alternatives 
were  generated.  Generation  of  multiple  factor  alternatives  followed. 
Finally  the  generated  alternatives  were  evaluated  and  re-ordered  as 
necessary  to  reflect  route  dependent  factors. 

The  studies  in  the  southern  test  area  are  of  a  regional  nature,  since 
the  area  is  roughly  60  by  70  miles.  Accordingly  the  analyses  performed 
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are  considered  to  be  representative  of  the  Band  or  Corridor  levels  of 
the  highway  planning  hierarchy.  The  analysis  shows  the  utility  of  the 
GCARS  System  for  such  regional  studies  in  moderately  hilly  country. 

Derivation  of  Value  Surfaces  for  the  Earthwork  Cost  Factor 
The  general  topographic  conditions  of  the  southern  test  area  are 
shown  in  Figure  25  (page  101 ).  In  order  to  develop  an  estimate  of  the 
probable  earthwork  costs  throughout  the  test  area  some  procedure  had  to 
be  devised  for:  l)  measuring  the  topographic  elevations  throughout  the 
area,  and  2)  approximating  highway  grade  lines  for  all  possible  routes. 
The  procedure  used  is  similar  to  that  proposed  by  Roberts  [91]  and 
shown  graphically  in  Figure  7  (page  30 ).  The  elevations  are  measured 
from  topographic  maps.  Trend  surface  analysis  is  used  to  obtain  a  series 
of  smoothed  surfaces  of  varying  complexity.  These  trend  surfaces  are 
assumed  to  approximate  all  possible  grade  lines  in  the  area  while  the 
residuals,  measuring  the  lack  of  fit  of  these  surfaces  to  the  elevation 
data,  represent  the  magnitudes  of  cut  or  fill  required  to  build  a  highway 
having  a  grade-line  following  the  trend  surfaces.  Because  the  trend 
surfaces  are  least  squares  regression  surfaces,  the  volumes  of  cut  and 
fill  over  the  entire  area  should  nearly  balance,  and  therefore  the  volumes 
encountered  along  a  random  line  across  the  area  should  approximately 
balance . 

Obviously  the  grade-line  defined  by  a  trend  surface  is  frequently 
much  less  steep  than  an  actual  highway  grade  line.  In  most  cases  however, 
the  relative  magnitudes  of  the  cut  or  fill  costs  along  a  highway  would 
remain  approximately  the  same  as  those  shown  by  the  residuals,  although 
the  actual  volumes  might  be  less.  The  residuals  are  capable  of  defining 
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those  areas  lying  far  above  or  far  below  the  local  mean  elevation,  a 
value  which  is  likely  to  be  approached  by  the  road  grade.  Thus  topo- 
graphic residuals  are  a  suitable  value  of  the  earthwork  cost  factor. 

The  elevation  data  can  be  obtained  from  a  variety  of  maps,  while 
the  residuals  can  be  obtained  for  any  trend  surface  fitted  to  each  set  of 
data.  In  cases  where  the  topography  is  too  complex  to  be  satisfactorily 
explained  by  a  single  trend  surface,  it  is  possible  to  fit  trend  surfaces 
to  overlapping  sections  of  the  area.  After  such  "piecewise"  fitting  of 
trend  surfaces,  a  trend  mosaic  can  be  assembled  from  the  various  parts, 
much  as  a  mosaic  map  is  assembled  from  individual  aerial  photographs. 
Thus,  there  are  several  options  available  to  the  engineer  desiring  to 
evaluate  the  earthwork  cost  factor  by  topographic  residual  values. 
Three  different  ways  of  evaluating  the  earthwork  cost  factor  were  tried 
in  the  southern  test  area:- 

1)  overall  trend  surface  analysis  of  the  entire  area  using 
elevations  obtained  from  1:250,000  scale  topographic  maps, 

2)  overall  trend  surface  analysis  of  the  entire  area  using 
elevations  obtained  from  1:2^,000  scale  topographic  maps, 

3)  mosaic  trend  surface  analysis  of  four  "quarter  areas"  using 
elevations  obtained  from  1:2U,000  scale  topographic  maps. 

Residuals  to  selected  examples  of  each  of  these  types  of  surfaces  were 
obtained  as  values  for  the  earthwork  cost  factor. 

Elevation  values  at  900  locations  were  measured  from  the  1:250,000 
scale  topographic  maps  covering  the  test  area.  First  through  fifth  degree 
trend  surfaces  were  fitted  to  these  elevation  values.  Computer-generated 
maps  in  Figure  kO   show  these  surfaces.  Statistical  evaluation  of  all 
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those  areas  lying  far  above  or  far  below  the  local  mean  elevation,  a 
value  which  is  likely  to  be  approached  by  the  road  grade.  Thus  topo- 
graphic residuals  are  a  suitable  value  of  the  earthwork  cost  factor. 

The  elevation  data  can  be  obtained  from  a  variety  of  maps,  while 
the  residuals  can  be  obtained  for  any  trend  surface  fitted  to  each  set  of 
data.  In  cases  where  the  topography  is  too  complex  to  be  satisfactorily 
explained  by  a  single  trend  surface,  it  is  possible  to  fit  trend  surfaces 
to  overlapping  sections  of  the  area.  After  such  "piecewise"  fitting  of 
trend  surfaces,  a  trend  mosaic  can  be  assembled  from  the  various  parts, 
much  as  a  mosaic  map  is  assembled  from  individual  aerial  photographs. 
Thus,  there  are  several  options  available  to  the  engineer  desiring  to 
evaluate  the  earthwork  cost  factor  by  topographic  residual  values. 
Three  different  ways  of  evaluating  the  earthwork  cost  factor  were  tried 
in  the  southern  test  area:- 

1)  overall  trend  surface  analysis  of  the  entire  area  using 
elevations  obtained  from  1:250,000  scale  topographic  maps, 

2)  overall  trend  surface  analysis  of  the  entire  area  using 
elevations  obtained  from  1:21*-, 000  scale  topographic  maps, 

3)  mosaic  trend  surface  analysis  of  four  "quarter  areas"  using 
elevations  obtained  from  1:21*, 000  scale  topographic  maps. 

Residuals  to  selected  examples  of  each  of  these  types  of  surfaces  were 
obtained  as  values  for  the  earthwork  cost  factor. 

Elevation  values  at  900  locations  were  measured  from  the  1:250,000 
scale  topographic  maps  covering  the  test  area.  First  through  fifth  degree 
trend  surfaces  were  fitted  to  these  elevation  values.  Computer-generated 
maps  in  Figure  40  show  these  surfaces.  Statistical  evaluation  of  all 
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surfaces  was  also  performed;  the  results  are  shown  in  Table  6. 

The  first  degree  trend  surface  slopes  from  northeast  to  southwest. 
The  second  degree  surface  differs  only  slightly  from  the  first  degree 
surface.  Both  explain  between  15-5  and  l6.0  percent  of  the  original 
variability  in  the  data.  The  partial  F-test  shows  the  second  degree 
coefficients  to  be  significantly  different  to  zero  with  a  confidence  of 
less  than  70  percent. 

The  third  degree  trend  surface  has  high  elevations  in  the  north 
central  map  area  with  a  ridge  extending  north- south-  Along  the  eastern 
edge  and  in  the  southwest  lower  elevations  are  found.  These  patterns 
appear  to  reflect  the  actual  topographic  conditions  as  shown  in  Figure  25. 
The  central  ridge  corresponds  to  the  Norman  Upland,  the  eastern  low  to 
the  Scottsburg  Lowland,  and  the  southwestern  low  to  the  valley  of  the 
East  Fork  White  River  crossing  the  Mitchell  Plain.  These  characteristics 
become  better  defined  in  the  fourth  and  fifth  degree  trend  surfaces.  The 
fifth  degree  surface  shows  a  western  band  of  higher  elevations  corre- 
sponding to  the  Crawford  Upland,  a  north- south  trending  zone  of  lower 
elevations  corresponding  to  the  Mitchell  Plain,  a  second  zone  of  higher 
elevations  corresponding  to  the  Norman  Upland,  and  an  eastern  zone  of  low 
elevations  corresponding  to  the  Scottsburg  Lowland.  The  fifth  degree 
trend  surface  explains  about  30  percent  of  the  variability  of  the  data. 

Figure  ^1  shows  the  results  of  the  trend  surface  analysis  of  10,591 
elevation  values  measured  from  72  quadrangles  (see  Figure  23)  which  lie 
within  the  test  area.  Each  quadrangle  was  sampled  with  about  150  points. 
These  were  located  with  respect  to  origins  at  the  lower  left  hand  corner 
of  each  map.  The  coordinates  were  transformed  to  latitude  and  longitude 
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values  before  trend  surface  analysis  was  undertaken.  The  trend  surfaces 
are  somewhat  different  to  those  obtained  from  the  analysis  of  the 
1:250,000  scale  maps.  The  first  degree  surface  slopes  to  the  southeast 
rather  than  to  the  southwest  as  in  the  previous  analysis.  The  second 
degree  surface  is  significantly  different.  An  area  of  high  elevations 
is  found  in  the  center  of  the  northern  edge  of  the  area  and  a  parabolic 
surface  slopes  from  this  point.  The  third,  fourth,  and  fifth  degree 
surfaces  progressively  refine  the  characteristics  shown  by  the  second 
degree  surface. 

The  total  F-tests  showed  that  all  the  trend  surfaces  for  both  sets 
of  data  had  coefficients  significantly  different  from  zero  at  high  levels 
of  confidence.  The  partial  F-tests  showed  the  individual  surface  coeffi- 
cients to  be  significant,  with  the  exception  of  the  second  degree  coef- 
ficient for  the  1:250,000  scale  map  data.  All  these  statistics  are  shown 
in  Table  6.  However  Table  6  also  shows  that  both  fifth  degree  trend 
surfaces  explain  only  30  percent  of  the  variability  in  the  original  data. 
It  was  believed  desirable  to  explain  a  higher  percent  variability  and  so 
piecewise  trend  surface  fitting  was  attempted. 

The  test  area  was  subdivided  into  four  "quarters"  which  overlapped 
each  other.  First  through  fifth  degree  trend  surfaces  were  fitted  to 
each  area  independently  and  the  results  analyzed.  The  statistical  evalua- 
tions of  all  twenty  trend  surfaces  are  given  in  Table  6.  As  a  result  of 
careful  study  it  was  decided  to  combine  the  four  fifth  degree  trend  sur- 
faces into  a  single  trend  mosaic.  Figure  42  shows  the  four  fifth  degree 
trend  surfaces.  These  were  combined  to  form  first  an  eastern  and  a 
western  half,  as  shown  in  Figure  kj>.     These  were  in  turn  merged  to  form 


152 


SCALE 


CONTOUR      INTERVAL  =  25  FEET 


FIGURE  42. PRODUCTION    OF   A    TREND    MOSAIC    FOR    TOPOGRAPHIC 
DATA  -  STEP  I  -FOUR   ORIGINAL   FIFTH    DEGREE    TREND   SURFACES. 
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FIGURE  43. PRODUCTION    OF   A    TREND    MOSAIC     FOR    TOPOGRAPHIC 
DATA  -STEP  2- EASTERN    AND  WESTERN   TREND    SURFACE    HALVES 
FORMED   BY   MERGING    THE   SURFACES  IN    FIGURE   42. 
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FIGURE  44. PRODUCTION    OF   A    TREND    MOSAIC     FOR 
TOPOGRAPHIC     DATA  -STEP  3- THE    FINAL  TREND   MOSAIC 
FORMED    BY   MERGING    THE   SURFACES  IN    FIGURE   43. 
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the  final  trend  mosaic  shown  in  Figure  hk.     The  merging  was  accomplished 
by  simple  weighted  avarage  calculations  at  a  series  of  points  within  the 
overlapping  areas.  The  approximate  percent  variability  explained  by  the 
trend  mosaic  can  be  estimated  by  the  average  of  the  percent  variations 
explained  by  each  of  the  quarter  trend  surfaces.  This  value  is  37.5 
percent. 

Residuals  to  the  mosaic  trend  surface  and  to  each  of  the  overall 
fifth  degree  trend  surfaces  were  calculated  for  a  series  of  grid  points 
at  roughly  a  two  mile  spacing  using  a  weighted  moving  average  algorithm 
[113] •  Maps  of  these  residual  values  are  shown  in  Figure  k5,  h6,   and  kl . 
Each  of  these  data  sets  was  used  as  a  value  of  the  earthwork  cost  factor. 

Derivation  of  a  Value  Surface  for  the  Pavement 
Construction  Cost  Factor 

Information  on  the  distribution  of  soil  types  within  the  southern 
test  area  was  obtained  from  a  state  wide  engineering  soils  map  developed 
by  Belcher,  Gregg,  and  Woods  [10] .  A  photographic  enlargement  of  this 
map  at  a  scale  of  one  inch  to  four  miles  was  obtained  from  the  Indiana 
State  Highway  Commission.  Figure  26  (page  105)  shows  a  redrawn  portion 
of  this  map  covering  the  southern  test  area. 

Twelve  soil  types  were  mapped  within  the  test  area.  Each  was  given 
a  code  number  and  the  map  was  digitized  according  to  the  procedures  out- 
lined for  homogeneous  discontinuous  measures  in  Chapter  IV.  A  total  of 
1328  sample  points  were  required.  In  order  to  transform  these  soil  code 
numbers  to  values  of  the  pavement  construction  cost  factor,  a  suitable 
valuation  procedure  had  to  be  developed.  Research  performed  at  Purdue 
University  by  Ulbricht  supplied  data  on  the  relative  merits  of  the 
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Note;-   Map  traced   from   computer  -  generated    printer   map. 

FIGURE  45.  SOUTHERN  TEST   AREA  -  MAP   OF  RESIDUALS    TO 
FIFTH  DEGREE   TREND  SURFACE    FITTED  TO  ELEVATIONS  FROM 
1=250,000  SCALE  TOPOGRAPHIC   MAPS. 
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Note:-   Map  traced    from    computer  -  generated    printer    map 

FIGURE  46.   SOUTHERN   TEST   AREA  -  MAP   OF   RESIDUALS    TO 
FIFTH  DEGREE   TREND   SURFACE    FITTED  TO   ELEVATIONS   FROM 
ALL   1=24000   SCALE    TOPOGRAPHIC    MAPS. 
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FIGURE  47.  SOUTHERN   TEST   AREA  -  MAP   OF   RESIDUALS   TO 
FIFTH  DEGREE  MOSAIC  TREND   SURFACE. 
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different  soil  types  [ll8]. 

Ulbricht  studied  methods  for  comparing  alternate  pavement  designs. 
By  using  l6o  pavement  study  sections  throughout  the  state  of  Indiana,  he 
showed  that  the  AASHO  Performance  Equations  developed  from  the  AASHO  Test 
Road  data  gave  acceptably  precise  predictions  of  pavement  performance. 
These  equations  estimate  the  decrease  in  road  quality  in  relation  to  the 
number  of  equivalent  wheel  loads  applied,  taking  into  account  the  soil 
conditions  over  which  the  road  is  built,  and  the  pavement  design. 

By  using  a  panel  of  six  experienced  engineers,  Ulbricht  developed 
a  mean  soil  rating  for  each  soil  type  shown  on  the  statewide  engineering 
soil  map,  based  on  a  ten  point  soil  rating  scheme.  Ulbricht  was  able  to 
show  that  these  mean  soil  ratings  were  proportional  to  the  soil  support 
factors  required  by  the  AASHO  design  equations.  Thus  larger  ratings 
meant  larger  soil  support  factors,  greater  equivalent  pavement  thicknesses, 
and  longer  pavement  life  for  any  pavement  design  under  a  given  traffic 
condition.  Alternatively,  if  a  standardized  useful  pavement  life  is 
desired,  cheaper,  thinner,  pavements  can  be  built  on  soils  having  higher 
ratings . 

Ulbricht' s  mean' ratings  are  on  a  ten  point  scale  in  which  high  values 
are  assigned  to  desirable  soils.  It  is  necessary  to  subtract  these 
ratings  from  ten  to  obtain  pavement  construction  cost  values  that  are 
large  for  poor  soils  and  small  for  good  ones.  A  rating  scheme  for  soil 
categories  was  developed  by  Hoffman  and  Fleckenstein  [U2]  for  New  York 
state.  Their  ratings  were  based  on  construction  records  of  the  New  York 
Thruway  and  include  only  eight  categories.  Comparison  of  the  two  scales 
showed  them  to  be  quite  comparable.  However,  since  Ulbricht' s  data  were 


i6o 


developed  in  Indiana,  and  were  more  detailed,  it  was  decided  to  utilize 
these  data  in  this  project. 

Table  7  shows  the  values  assigned  to  each  soil  category.  Two  cate- 
gories shown  on  the  soils  map  were  not  separately  rated  by  Ulbricht. 
These  were  compound  soils  composed  of  thin  deposits  of  Illinoian  drift 
overlying  residual  soils  and  bedrock.  Their  ratings  were  computed  as  the 
average  of  the  ratings  for  Illinoian  ground  moraine  and  the  appropriate 
residual  soil  category. 

Trend  surfaces  of  degree  one  through  five  were  fitted  to  the  pave- 
ment cost  value  data  in  order  to  check  for  sampling  bias.  Figure  U8 
shows  the  computer- generated  maps  of  these  trend  surfaces.  While  the 
first  and  second  degree  trend  surfaces  show  a  low  northeasterly  dip,  the 
higher  degree  surfaces  show  more  complex  patterns.  Statistical  evalua- 
tions of  these  surfaces,  summarized  in  Table  8,  indicate  that  their 
coefficients  are  all  significantly  different  from  zero  with  high  levels 
of  confidence.  However,  none  of  these  surfaces  shows  a  strong  change  in 
value  within  the  area;  all  the  contour  intervals  on  the  maps  shown  in 
Figure  k8   are  only  0.25  units.  This  indicates  that  there  is  no  strong 
regional  cost  difference  within  the  test  area.  Although  areas  of  low 
cost  soil  types  do  exist,  these  are  mostly  small  and  irregularly  scattered 
over  the  area.  Reference  to  the  engineering  soils  map  shown  in  Figure  26 
and  the  pavement  construction  cost  values  shown  in  Table  7  reveals  that 
this  result  is  reasonable. 

The  pavement  construction  cost  value  data  were  accepted  as  valid. 
The  low  percent  variation  explained  by  the  trend  surfaces,  only  15.2 
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TABLE  7 


SOUTHERN  TEST  AREA  PAVEMENT  CONSTRUCTION  COST  VALUES 


* 
Engineering  Soil  Type 

Soil  Code 

Ulbricht 

Ulbricht 

Pavement 

Number 

Mean 

Quality 

Construction 

Rating 

Description 

Cost  Value***j 

Outwash  Plains 

02 

8.5 

very  good 

1 
1.5 

Sand 

03 

7.0 

good 

3.0 

Sandstone-Shale  Plains 

10 

5-8 

average-good 

k.2 

Illinoian  Ground  Moraine 

1? 

*•* 

5-3 

average 

k.l 

over  Sandstone-Shale 

Plains 

Limestone  Plains 

09 

5-1 

average 

k.9 

Illinoian  Ground  Moraine 

11 

** 
5-0 

average 

5.0 

over  Limestone  Plains 

Limestone-Sandstone-Shale 

08 

5.0 

average 

5-0 

Plains 

i 
| 

Illinoian  Ground  Moraine 

06 

H.9 

average 

5.1     j 

Wisconsin  Ridge  Moraine 

05 

k.B 

average 

5.,     | 

Wisconsin  Ground  Moraine 

0U 

k.l 

average 

5.3 

Alluvium 

01 

k.l 

average 

5-9 

Lacustrine  Plains 

07    ] 

3.0 

poor 

7.0 

Soil  categories  as  identified  on  Indiana  Engineering  Soil  Map 

*-* 

Rating  not  defined  by  Ulbricht 

Pavement  Construction  Cost  Value  =  10.0  -  Ulbricht  Mean  Rating 
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SOUTHERN   TEST   AREA 
COMPUTER-GENERATED  CONTOUR 

MAPS   OF 

TREND  SURFACES  OF  DEGREE 

ONE  THROUGH  FIVE 

FOR 

PAVEMENT     CONSTRUCTION 

COST    VALUES  . 


" : ^~— 

CONTOUR 

PERCENT 

TREND  SURFACE 

INTERVAL 

VARIATION 
EXPLAINED 

DEGREE      1 

0.25  units 

8.4 

DEGREE     2 

0.25  units 

9.4 

DEGREE     3 

0.25  units 

12  0 

DEGREE     4 

025  units 

13.6 

DEGREE     5 

0.25  unrts 

15.2 
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percent  for  the  fifth  degree  surface,  and  the  attitudes  of  the  surfaces 
indicate  that  large  local  heterogeneity  exists  in  the  data.  Accordingly 
the  trend  surfaces  cannot  he  used  to  predict  the  pavement  construction 
cost  values.  A  series  of  gridded  estimates  of  these  values  were  computed 
using  a  weighted  moving  average  procedure  and  used  to  form  the  pavement 
construction  cost  surface  which  is  shown  in  Figure  k9. 

Derivation  of  a  Value  Surface  for  the  Right  of  Way 
Acquisition  Cost  Factor 

Detailed  information  on  land  values  was  not  readily  available  for 
the  southern  test  area.  It  was  dediced  to  prepare  a  land  use  map  of  the 
entire  area  and  a  rating  system  so  as  to  convert  the  mapped  land  use 
categories  to  values  of  the  right  of  way  acquisition  cost  factor.  The 
land  use  map,  shown  in  Figure  27  (page  106),  was  prepared  by  interpreta- 
tion of  the  most  recently  available  aerial  photographic  mosaics.  Nine 
different  land  use  cateogries  were  identified  and  mapped  on  these  mosaics. 
The  results  were  combined  to  form  the  final  land  use  map.  The  land  use 
categories  were  assigned  code  numbers  and  the  map  was  digitized  according 
to  the  procedures  outlined  for  homogeneous  discontinuous  measures  in 
Chapter  IV.  A  total  of  3666  sample  points  were  utilized. 

Table  9  shows  the  adopted  rating  scale  used  to  transform  the  mapped 
land  use  categories  to  values  of  the  right  of  way  acquisition  cost  factor. 
The  scale  was  prepared  after  discussion  with  several  Purdue  University 
staff  members  and  is  believed  reasonable.  Agricultural  land  values  were 
used  as  a  base,  and  the  values  for  other  land  use  categories  were  related 
to  the  agricultural  land  values.  High  ratings  given  to  certain  categories 
are  intended  to  reflect  the  undesirability  of  disturbing  them  as  well  as 
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LEGEND 
OVER     6.0     UNITS 

4.0-6.0     UNITS 

BELOW    4.0    UNITS 


FIGURE   49.  SOUTHERN    TEST    AREA 
CONTOUR  MAP  OF   PAVEMENT 
CONSTRUCTION    COST  VALUE   SURFACE. 
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TABLE  9 
SOUTHERN  TEST  AREA 

ADOPTED  RATING  SCALE  FOR  RIGHT  OF  WAY 
ACQUISITION  COST  VALUES 


Land  Use  Category 

Code  Number 

Right  of  Way 
Acquisition 
Cost  Value 

Forested 

01 

0.20 

Forested  with  occasional  fields 

02 

0.30 

Wooded  agricultural 

07 

0.65 

Agricultural 

03 

i 

1.00 

Agricultural  with  some 
residential  subdivisions 

Ok 

3-00 

Camp  Atterbury  Military  reserve 

09 

5.00 

Residential  and  Commercial 

05 

6.00 

Commercial  and  Industrial 

06 

8.50 

Lakes 

08 

10.00 
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their  cost  of  acquisition. 

First  through  fifth  degree  trend  surfaces  were  fitted  to  the  acqui- 
sition cost  values  to  test  them  for  accuracy  and  lack  of  bias.  Computer 
generated  contour  maps  of  these  surfaces  are  shown  in  Figure  50.  The 
results  of  statistical  evaluations  are  shown  in  Table  8. 

The  first  degree  surface  slopes  downward  from  the  northeast,  away 
from  Indianapolis.  The  second  degree  surface  forms  a  sloping  ridge  of 
high  values  extending  southwest  from  the  Indianapolis  area  toward  Bloom- 
ington.  It  reflects  the  generally  higher  land  values  in  the  Scottsburg 
Lowland  and  near  Blooraington. 

The  third,  fourth,  and  fifth  degree  surfaces  progressively  refine 
their  attitudes  to  more  clearly  represent  actual  land  values.  The  fifth 
degree  trend  surface  has  a  zone  of  high  values  extending  southward  along 
the  east  side  of  the  test  area,  following  the  Scottsburg  Lowland,  and 
another  over  the  Bloomington-Bedford  region.  High  values  extend  across 
the  northern  edge  of  the  test  area  while  lower  values  are  found  in  the 
predominantly  forested  areas. 

Statistical  analysis  accepts  the  hypothesis  that  the  trend  surface 
coefficients  are  significantly  different  from  zero  with  high  levels  of 
confidence.  However  none  of  the  trend  surfaces  explain  more  than  12 
percent  of  the  variability  inherent  in  the  original  data.  Thus  they  are 
poor  predictors  of  the  land  values  in  the  area.  Accordingly  the  land 
value  data  were  estimated  at  a  series  of  grid  points  by  a  weighted  moving 
average  technique.  These  gridded  estimates  were  used  to  form  the  right 
of  way  acquisition  cost  value  surface.  Figure  51  is  a  contour  map  of 
this  surface. 
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FIGURE  50 

SOUTHERN  TEST  AREA 
COMPUTER- GENERATED  CONTOUR 

MAPS  OF 

TREND  SURFACES  OF  DEGREE 

ONE  THROUGH  FIVE 

FOR 

RIGHT   OF  WAY      ACQUISITION 

COST      VALUES  . 

SCALE 


0          5 

10          6 

20  MILE 

CONTOUR 

PERCENT 

TREND  SURFACE 

INTERVAL 

VARIATION 
EXPLAINED 

DEGREE      1 

0.5  units 

3.4 

DEGREE     2 

0.5  units 

4.4 

DEGREE     3 

0.5  units 

5.8 

DEGREE     4 

0.5  units 

8.8 

DEGREE     5 

0.5  units 

11.7 
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LEGEND 
OVER     4.0     UNITS 

1.0-4.0     UNITS 

BELOW     1.0     UNITS 


FIGURE     51.  SOUTHERN     TEST    AREA 
CONTOUR  MAP  OF    RIGHT  OF  WAY 
ACQUISITION    COST    VALUE    SURFACE. 
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Derivation  of  Value  Surfaces  for  the 
Service  Benefits  Factor 

As  shown  in  Table  h,   three  measures  were  used  to  study  the  service 
benefit  factor  in  the  southern  test  area.  These  were  (1)  the  populations 
of  incorporated  towns  and  cities,  (2)  population  densities  measured  in  a 
series  of  small  areas  each  covering  approximately  20  square  miles,  and 
(3)  the  distribution  of  present  highway  facilities. 

The  populations  of  all  incorporated  towns  and  cities  within  the  test 
area  were  obtained  from  the  i960  census  data  [ll] .  A  total  of  kl   such 
communities  lie  within  the  test  area.  These  values  were  digitized  from 
a  1:250,000  scale  map  using  sampling  procedures  for  discrete  measures 
outlined  in  Chapter  IV. 

First  through  fifth  degree  trend  surfaces  were  fitted  to  the  data. 
Maps  of  these  surfaces  are  shown  in  Figure  52.  The  first  degree  surface 
slopes  downward  from  northeast  to  southwest  away  from  the  Indianapolis 
area.   The  second  degree  surface  is  saddle- shaped,  with  high  values  in 
the  northeast  and  southwest  and  low  values  in  the  opposite  corners.  The 
higher  degree  surfaces  show  high  values  in  the  vicinities  of  the  major 
towns  such  as  Bloomington.  Statistical  analysis  of  these  surfaces  indi- 
cates the  hypothesis  that  the  coefficients  of  their  equations  are  dif- 
ferent from  zero  can  only  be  accepted  with  low  confidence.  The  surfaces 
do  however  explain  increasing  percentages  of  the  variability  inherent  in 
the  data.  These  surface  shapes  have  a  low  reliability  because  they  are 
based  on  only  1*1  observations  which  are  not  well  distributed.  The  small 
number  of  observations  makes  it  possible  to  explain  almost  50  percent  of 
the  variation  inherent  in  the  original  data  with  21  coefficients. 
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Derivation  of  Value  Surfaces  for  the 
Service  Benefits  Factor 

As  shown  in  Table  U,  three  measures  were  used  to  study  the  service 
benefit  factor  in  the  southern  test  area.  These  were  (1)  the  populations 
of  incorporated  towns  and  cities,  (2)  population  densities  measured  in  a 
series  of  small  areas  each  covering  approximately  20  square  miles,  and 
(3)  the  distribution  of  present  highway  facilities. 

The  populations  of  all  incorporated  towns  and  cities  within  the  test 
area  were  obtained  from  the  i960  census  data  [ill .  A  total  of  Ul  such 
communities  lie  within  the  test  area.  These  values  were  digitized  from 
a  1:250,000  scale  map  using  sampling  procedures  for  discrete  measures 
outlined  in  Chapter  IV. 

First  through  fifth  degree  trend  surfaces  were  fitted  to  the  data. 
Maps  of  these  surfaces  are  shown  in  Figure  52.  The  first  degree  surface 
slopes  downward  from  northeast  to  southwest  away  from  the  Indianapolis 
area.   The  second  degree  surface  is  saddle- shaped,  with  high  values  in 
the  northeast  and  southwest  and  low  values  in  the  opposite  corners.  The 
higher  degree  surfaces  show  high  values  in  the  vicinities  of  the  major 
towns  such  as  Bloomington.  Statistical  analysis  of  these  surfaces  indi- 
cates the  hypothesis  that  the  coefficients  of  their  equations  are  dif- 
ferent from  zero  can  only  be  accepted  with  low  confidence.  The  surfaces 
do  however  explain  increasing  percentages  of  the  variability  inherent  in 
the  data.  These  surface  shapes  have  a  low  reliability  because  they  are 
based  on  only  Ul  observations  which  are  not  well  distributed.  The  small 
number  of  observations  makes  it  possible  to  explain  almost  50  percent  of 
the  variation  inherent  in  the  original  data  with  21  coefficients. 
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A  population  density  map  was  developed  in  the  following  manner. 
Populations  for  all  towns  and  for  all  townships  within  each  county  are 
published  in  the  i960  census  reports  [ll].  Subtraction  of  urban  popula- 
tions from  the  appropriate  township  totals  left  remainders  which  were 
assumed  to  be  rural  populations.  A  series  of  small  areas,  each  approxi- 
mately 20  square  miles  in  size,  were  laid  out  so  as  to  cover  the  test 
area.  A  population  total  was  calculated  for  each  square  which  equalled 
the  sum  of  all  urban  region  populations  lying  within  the  square  (or 
portions  of  urban  populations  for  regions  covering  more  than  one  square) 
and  a  proportion  of  the  rural  populations  of  all  townships  included  with- 
in the  square.  All  population  values  were  proportional  according  to  area. 
Since  each  square  area  is  of  equal  size,  the  totals  for  each  square  form 
a  population  density  distribution.  The  squares  and  their  totals  are 
shown  in  Figure  53-A,  a  contoured  version  of  this  data  is  shown  in 
Figure  53-B. 

First  through  fifth  degree  trend  surfaces  were  fitted  to  the  popula- 
tion density  data.  Computer  generated  maps  of  these  surfaces  are  shown 
in  Figure  5h.     The  first  degree  surface  slopes  downward  from  the  north- 
east. The  second  degree  surface  slopes  downward  from  a  high  In  the  north- 
east to  two  lows;  one  on  the  west  and  one  in  the  southeast.  These  are 
separated  by  a  saddle  in  the  south  central  part  of  the  test  area.  The 
third,  fourth,  and  fifth  degree  trend  surfaces  progressively  show  better 
approximations  to  the  original  data.  The  fifth  degree  surface  has  high 
values  in  the  northeast  which  trend  southward  along  the  Scott sburg  Low- 
land corridor  past  Columbus,  a  high  population  density  corresponding  to 
Bloomington  in  the  southwest,  and  a  lesser  high  near  Martinsville. 
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FIGURE  54. 

SOUTHERN  TEST  AREA 
COMPUTER- GENERATED  CONTOUR 
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TREND   SURFACES   OF   DEGREE 
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FOR 
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CONTOUR 

PERCENT 

TREND  SURFACE 

INTERVAL 

VARIATION 
EXPLAINED 

DEGREE      1 

500 

4.7 

DEGREE     2 

500 

6.0 

DEGREE     3 

500 

8.0 

DEGREE     4 

500 

10.6 

DEGREE     5 

500 

15.8 
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Statistical  testing  of  these  surfaces  was  also  undertaken.  Table  8 
(page  163)  shows  the  results.  Total  and  partial  F- tests  indicate  these 
surfaces  are  relatively  reliable  in  that  their  coefficients  can  be 
accepted  as  significantly  different  from  zero  with  considerable  confi- 
dence. The  percent  variation  of  the  original  data  explained  by  these 
surfaces  ranges  from  under  five  percent  for  the  first  degree  surface  up 
to  15.8  percent  for  the  fifth  degree  surface. 

The  third  measure  used  to  study  the  service  benefit  factor  was  the 
quality  of  the  existing  road  network.  A  rating  scheme,  shown  in  Table  10, 
was  constructed  so  that  the  quality  of  the  road  network  could  be  quanti- 
fied at  every  intersection.  The  quantity  at  each  intersection  is  the 
sum  of  the  ratings  of  the  roadways  meeting  at  the  intersection.  Roadway 
intersections  shown  on  the  1:250,000  scale  topographic  maps  were  digi- 
tized according  to  the  procedures  outlined  for  discrete  measures  in 
Chapter  IV.  Because  an  extremely  large  number  of  intersections  are  found 
within  the  southern  test  area  a  limiting  criterion  was  established.  Only 
intersections  involving  at  least  one  "hard  surface,  medium-duty,  two  lane 
road,"  as  defined  on  the  1:250,000  scale  topographic  map,  were  sampled. 
The  resulting  sample  of  105^  road  intersections  described  the  major  and 
secondary  transportation  systems,  but  ignored  purely  local  distribution 
systems. 

First  through  fifth  degree  surfaces  were  fitted  to  the  data.  Con- 
tour maps  of  these  surfaces  are  shown  in  Figure  55.  The  first  degree 
surface  slopes  downward  from  the  southeast  towards  the  northwest.  The 
second  degree  surface  forms  a  low  in  the  northwest,  and  curves  upward  to 
higher  values  along  the  eastern  edge  and  in  the  southwest  corner.  The 
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TABLE  10 

SOUTHERN  TEST  AREA 

ROADWAY  RATINGS 


* 
Roadway  Classification 

Rating 

light  duty  two  lane  secondary 

principal  light  duty  two  lane  secondary 

hard  surface,  medium  duty,  two  lanes 

hard  surface,  heavy  duty,  two  lane  state 
routes  (except  State  Road  37)** 

hard  surface,  heavy  duty,  two  lane  Federal 
routes  and  State  Road  37 

hard  surface,  heavy  duty,  four  lanes, 
(US  1+0  and  US  31  in  test  area) 

1.0 
2.0 
k.O 
5.0 

6.0 

8.0 

Roads  classified  according  to  1:250,000  scale  topographic  maps 


** 


State  Road  37  was  given  a  higher  rating  since  several  sections  are 
substantially  above  the  quality  of  most  state  routes.  It  carries 
heavy  traffic  volumes  to  and  from  Bloomington. 
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TABLE  10 

SOUTHERN  TEST  AREA 

ROADWAY  RATINGS 


* 
Roadway  Classification 

Rating 

light  duty  two  lane  secondary 

principal  light  duty  two  lane  secondary 

hard  surface,  medium  duty,  two  lanes 

hard  surface,  heavy  duty,  two  lane  state 
routes  (except  State  Road  37)** 

hard  surface,  heavy  duty .  two  lane  Federal 
routes  and  State  Road  37 

hard  surface,  heavy  duty,  four  lanes, 
(US  kO  and  US  31  in  test  area) 

1.0 
2.0 
k.O 
5.0 

6.0 

8.0 

Roads  classified  according  to  1:250,000  scale  topographic  maps 


** 


State  Road  37  was  given  a  higher  rating  since  several  sections  are 
substantially  above  the  quality  of  most  state  routes.  It  carries 
heavy  traffic  volumes  to  and  from  Bloomington. 
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SOUTHERN  TEST  AREA 
COMPUTER -GENERATED  CONTOUR 

MAPS  OF 

TREND  SURFACES  OF  DEGREE 

ONE  THROUGH  FIVE 

FOR 

QUALITY    OF  PRESENT 

HIGHWAY   NETWORK. 


-  = = 

CONTOUR 

PERCENT 

TREND  SURFACE 

INTERVAL 

VARIATION 
EXPLAINED 

DEGREE      1 

10  unit 

10.1 

DEGREE     2 

1.0  unit 

12.7 

DEGREE     3 

1.0  unrt 

13.2 

DEGREE     4 

1.0  unit 

15.7 

DEGREE     5 

1.0  unit 

17.8 

178 


higher  degree  surfaces  continue  to  show  a  low  value  region  in  the  north- 
west and  west  central  parts  of  the  test  area. 

Total  and  partial  F-tests  indicate  the  coefficients  of  all  surfaces 
can  be  accepted  as  significantly  different  from  zero  with  high  levels  of 
confidence  (see  Table  8,  page  163).  The  surfaces  explain  from  slightly 
less  than  ten  percent  up  to  approximately  17.8  percent  of  the  original 
data  variability. 

Comparison  of  the  trend  surfaces  fitted  to  the  three  measures  of  the 
service  benefit  factor  shows  some  similarities  and  some  differences.  Both 
sets  of  trend  surfaces  fitted  to  the  two  types  of  population  data  (see 
Figures  52  and  54)  show  high  values  in  the  northeast.  Both  first  degree 
surfaces  slope  downward  from  the  northeast.  Higher  degree  surfaces  show 
differences  due  to  the  data  sources.  The  population  density  data  appear 
to  produce  more  realistic  surfaces.  In  contrast,  the  road  network  quality 
data  show  a  marked  low  along  the  State  Road  37  corridor,  an  area  of  com- 
paratively high  population  values.  This  apparent  contradiction  is  in 
actual  fact  an  accurate  reflection  of  present  conditions.  Route  37  is 
greatly  in  need  of  improvement  since  it  is  the  main  transportation  link 
between  Bloomington  and  Indianapolis  [120]. 

None  of  the  trend  surfaces  explain  a  high  percentage  of  the  varia- 
tions inherent  in  the  original  data  sets.  Accordingly  the  town  popula- 
tions, the  population  densities,  and  the  road  network  qualities  were 
estimated  at  a  series  of  grid  points  by  a  weighted  moving  average  pro- 
cedure. These  gridded  values  were  used  to  form  three  alternative  value 
surfaces  of  the  service  benefit  factor.  The  population  density  value 
surface  is  shown  as  a  contour  map  in  Figure  53-B.  The  town  populations 
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value  surface  and  the  road  network  quality  value  surface  are  shown  in 
Figure  56. 

Generation  of  Single  Factor  Alternatives 
A  suitable  origin  and  destination  must  be  selected  before  the  gen- 
eration of  alternatives  can  begin.  At  the  level  of  analysis  being  under- 
taken in  the  southern  test  area  the  generation  of  alternatives  will  be 
used  to  define  Corridors. 

The  present  and  future  transportation  needs  of  the  area  have  been 
studied  [120].  As  a  result  of  these  studies,  it  was  decided  to  study  two 
corridors;  (l)  a  north-south  corridor  which  runs  through  the  area  from 
south  of  Bedford  to  southwest  of  Indianapolis,  and  (2)  an  east-west 
corridor  forming  part  of  a  new  circumurban  principal  highway  bypassing 
Indianapolis.  A  suitable  origin  and  destination  was  selected  for  each 
corridor. 

Besults  of  Analysis  for  the  North-South  Corridor 
Figures  57,  58  and  59  show  the  results  obtained  from  the  analysis  of 
this  corridor  for  selected  single  factors. 

The  earthwork  costs  factor  was  investigated  using  three  different 
sets  of  residual  values  as  previously  described.  Figures  57-A,  57-B,  and 
58-A  show  the  generated  alternatives  for  each  set  of  residual  values. 

Analysis  of  the  data  derived  from  the  1:250,000  scale  regional  topo- 
graphic maps  results  in  generated  alternatives  (Figure  57-A)  which  follow 
eastern  paths  along  the  Scottsburg  Lowland  (see  Figure  25,  page  101). 
The  fifth  choice  costs  a  little  more  than  13U  percent  of  the  first  choice. 
Analysis  of  the  second  set  of  residuals  yields  a  different  combination 
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of  alternatives  (Figure  57-B).  While  Scottsburg  Lowland  corridors  are 
favored  by  choices  one,  three,  and  four,  the  second  choice,  which  exceeds 
the  first  choice  by  less  than  five  percent,  favors  a  corridor  along  the 
eastern  part  of  the  Norman  Upland,  and  the  fifth  choice  closely  parallels 
the  present  State  Road  37  alignment  along  the  Mitchell  Plain  and  the 
valley  of  the  West  Fork  White  River  past  Martinsville. 

As  shown  by  Figure  58-A,  the  alternatives  generated  by  analysis  of 
the  residuals  to  the  mosaic  trend  surface  define  two  alternative  corridors. 
Choices  one,  two,  and  four  favor  an  eastern  path  through  the  Scottsburg 
Lowland.  Choices  three  and  five  follow  the  western  part  of  the  Mitchell 
Plain  and  then  travel  on  the  smoother  topography  of  the  Tipton  Till  Plain 
across  the  northwestern  part  of  the  test  area  to  the  destination.  Thus 
it  is  obvious  that  from  the  standpoint  of  topography  the  Scottsburg  Low- 
land forms  an  attractive  route.  This  is  shown  by  all  three  data  sets. 
The  larger  scale  (1:24,000)  topographic  maps  gave  results  which  are  be- 
lieved to  be  more  realistic.  However  this  is  possibly  due  to  the  much 
larger  sample  size  of  10,591  points,  as  opposed  to  only  900  points 
measured  on  the  small  scale  topographic  maps.  The  alternatives  generated 
from  the  mosaic  trend  residual  values  are  believed  superior  to  the  other 
sets  of  alternatives.  Thus  these  residuals  were  used  in  the  later  multi- 
ple factor  studies. 

Figure  58-B  shows  those  alternatives  generated  to  minimize  pavement 
construction  costs.  Choices  one,  two,  four,  and  five  parallel  one  another 
and  follow  the  Mitchell  Plain  and  the  West  Fork  White  River  valley, 
essentially  the  present  State  Road  37  alignment.  This  location  may  be 
due  partly  to  the  presence  of  granular  outwash  materials  along  the  West 


185 


Fork  White  River.  The  fourth  choice  follows  a  more  easterly  path  through 
central  Brown  County.  Of  considerably  greater  interest  is  the  sixth 
choice  which  selects  a  corridor  which  follows  the  outwash  deposits  along 
the  East  Fork  White  River  and  thus  travels  along  the  Scottsburg  Lowland. 
This  sixth  choice  costs  l6  percent  more  than  the  first  choice. 

Figure  59-A  shows  the  generated  alternatives  which  minimize  the 
right  of  way  acquisition  costs.  A  marked  preference  for  poor  agricultural 
and  forested  land  is  evident.  Two  basic  corridors  are  defined  with 
choices  one,  three,  and  five  favoring  a  western  corridor  mostly  within 
the  Crawford  Upland  and  choices  two  and  four  favoring  a  central  corridor 
within  the  Norman  Upland.  The  two  corridors  merge  south  of  Martinsville 
and  all  alternatives  follow  the  southeast  side  of  the  West  Fork  White 
River  valley  except  the  fourth  which  crosses  it  and  travels  along  its 
northwest  side. 

Figure  59-B  shows  the  generated  alternatives  which  maximize  the 
service  benefit  factor,  as  measured  by  the  population  density  data.  The 
alternatives  closely  parallel  each  other  and  follow  the  present  State 
Road  37  corridor,  presently  an  area  of  considerable  travel  demand.  These 
are  typical  of  the  results  obtained  for  all  measures  of  the  service  benefit 
factor  studied  for  this  area.  The  optimum  is  more  clearly  defined  by  the 
population  density  data  than  by  the  town  populations  only.  Road  network 
analysis  shifts  the  alternatives  slightly  out  of  the  actual  corridor; 
however,  the  locations  are  not  believed  significantly  different. 
Results  of  Analysis  for  the  East-West  Corridor 

The  results  of  selected  individual  factor  analyses  for  the  east-west 
corridor  are  shown  in  Figures  60  and  6l. 


186 


cC 


CC 

O 

U_ 

(/) 

LU 

> 

H 

< 

z 

or 

LU 

i- 

_i 

< 

O 

LU 

H 

< 

cr 

LU 

z 

LU 

O 

1 

< 

LU 

CC 

< 

1- 

CO 
LU 

CO 
LU 

> 

Z 

_l 

cc 

< 

LU 

z 

X 

< 

h- 

3 

CC 

O 

o 

c/) 

h- 

o 

o 

< 

CD 

U. 

LU 

LU 

CC 

_J 

3 

o 

O 

z 

CO 


187 


188 


The  alternatives  generated  to  minimize  the  earthwork  costs,  as 
measured  by  the  residuals  to  the  mosaic  trend  surface,  are  shown  in 
Figure  60-A.  The  results  obtained  from  the  other  residual  measures  are 
essentially  identical.  The  residuals  to  the  mosaic  trend  surface  gave 
the  most  sharply  defined  optimum,  with  the  fourth  choice  cost  exceeding 
twice  the  cost  of  the  first  choice.  The  alternatives  define  a  single 
corridor  which  loops  across  the  northern  part  of  the  test  area,  following 
the  smooth  glacial  terrain  of  the  Tipton  Till  Plain  and  avoiding  the 
hilly  terrain  further  to  the  south. 

Figure  60-B  shows  the  alternatives  generated  to  minimize  the  pave- 
ment construction  cost  factor.  Two  parallel  east-west  corridors  are 
defined.  The  first  and  third  choices  follow  the  West  Fork  White  Fiver 
for  a  short  distance  before  striking  due  East,  and  so  define  a  northern 
corridor.  The  other  choices  define  a  more  southerly  corridor. 

The  alternatives  generated  to  minimize  the  right  of  way  acquisition 
cost  factor  are  shown  in  Figure  6l-A.  The  first  choice  passes  between 
Martinsville  and  Bloomington,  then  swings  deeply  into  Brown  County  before 
passing  south  of  Columbus  to  its  destination.  The  second  choice  parallels 
the  first  choice  on  the  south,  crosses  it,  then  parallels  it  on  the  north. 
The  third  and  fourth  choices  follow  more  southerly  routes.  The  third 
choice  passes  south  of  the  Monroe  Reservoir  while  the  fourth  choice 
travels  closer  to  Bloomington  and  north  of  the  reservoir.  The  fifth 
choice  defines  a  more  northerly  corridor  in  the  western  part  of  the  test 
area. 

The  various  service  benefit  measures  generate  very  similar  alterna- 
tives. Figure  6l-B  shows  the  alternatives  generated  in  response  to  the 
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population  density  data.  Two  east-west  corridors  are  generated;  a 
southerly  corridor  defined  by  choices  one,  two,  and  five  which  passes 
close  to  Bloomington  and  Columbus,  and  a  northerly  corridor  defined  by 
choices  three  and  four. 

Generation  of  Multiple  Factor  Alternatives 
A  total  of  2k   multiple  factor  analyses  were  analyzed  in  the  southern 
test  area.  These  were  divided  equally  between  the  north- south  and  the 
east-west  corridors.  These  analyses  can  be  classified  into  three  cate- 
gories of  varying  complexities,  as  summarized  in  Table  11. 

Two  factor  analyses  are  the  simplest  multiple  factor  studies;  evalua- 
tion of  the  earthwork  cost  and  the  pavement  construction  cost  factors 
allows  the  engineer  to  investigate  route  independent  construction  costs. 
The  facility  first  costs  can  be  more  closely  approximated  by  three  factor 
analyses  which  include  the  earthwork  cost,  pavement  construction  cost,  and 
right  of  way  acquisition  cost  factors.  The  more  complex  four  factor  an- 
alyses include  a  measure  of  the  service  benefit  factor  which  serves  to 
temper  the  cost  considerations. 

Results  of  Analyses  for  the  North-South  Corridor 
When  the  two  factors  of  earthwork  cost  and  pavement  construction  cost 
are  combined  equally  the  alternatives  shown  in  Figure  62 -A  are  generated. 
The  first  and  fifth  choices  define  a  corridor  which  approximates  the  pres- 
ent State  Road  37  alignment,  while  the  remaining  choices  define  a  broad 
corridor  lying  to  the  east.  However  the  choices  are  not  greatly  different 
in  total  cost;  the  fifth  choice  is  less  than  eight  percent  greater  than 
the  first  choice. 


*The  term  "multiple  factor  analysis",  as  utilized  in  this  thesis,  bears  no 
relationship  to  the  statistical  procedure  of  the  same  name. 


190 

TABLE  11 

SOUTHERN  TEST  AREA 

MULTIPLE  FACTOR  ANALYSES 


Category  Of 
Analysis 

* 
Factor  Weights  Used  in  Each  Analysis 

Earthwork 
Costs 

Pavement 

Construction 

Costs 

Right  of  Way 
Acquisition 
Costs 

Population 
Density 

Two  Factor  Analyses 

Trial  (a) 
Trial  (b) 
Trial  (c) 

1 
1 
2 

1 
2 
1 

Three  Factor  Analyses 

1 
1 
1 
2 

1 
1 
2 
1 

1 
2 

1 
1 

Trial  (d) 
Trial  (e) 
Trial  (f) 
Trial  (g) 

Four  Factor  Analyses 

1 
2 
1 
k 
k 

1 

2 
1 
2 
2 

X 

1 

2 
2 
1 

1 
1 
1 
1 
3 

Trial  (h) 
Trial  (i) 
Trial  (j) 
Trial  (k) 
Trial  (£) 

Each  analysis  was  performed  twice;  once  for  the  North-South  corridor  and 
once  for  the  East-West  corridor. 
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Figure  62-B  shows  the  alternatives  generated  when  the  earthwork  cost 
is  raised  to  predominance.  The  first  and  third  choices  define  a  corri- 
dor lying  within  the  Norman  Upland.  The  second  and  fourth  choices  de- 
fine another  corridor  lying  further  to  the  west,  while  the  fifth  choice 
selects  a  corridor  further  to  the  east,  up  the  Scott sburg  Lowland.  Al- 
though not  shown,  when  the  pavement  construction  cost  factor  is  raised  in 
importance  similar  corridors  are  generated.  The  relative  importance  of 
these  corridors  changes  however.  The  first  and  fifth  choices  now  define 
the  western  corridor  while  choices  two  and  three  define  the  Norman  Upland 
corridor  and  the  Scottsburg  Lowland  corridor  is  raised  in  importance, 
being  defined  by  the  fourth  choice. 

Figure  63-A  shows  the  alternatives  generated  when  the  three  factors 
of  earthwork  cost,  pavement  construction  cost,  and  right  of  way  acquisi- 
tion cost  are  weighted  equally.  The  first,  second,  and  fourth  choices 
define  a  corridor  lying  within  the  Norman  Upland.  The  third  choice 
closely  approximates  the  present  State  Road  37  alignment  while  the  fifth 
choice  defines  a  corridor  between  the  first  and  third  choices. 

The  alternatives  generated  when  the  right  of  way  acquisition  cost  fac- 
tor is  raised  in  importance  are  shown  in  Figure  63-B.  The  corridors  are 
defined  by  the  five  alternatives.  The  first,  second,  and  fifth  choices 
define  a  corridor  running  through  the  low  cost  land  in  the  Norman  Upland. 
Choices  three  and  four  lie  further  to  the  west.  The  generated  alterna- 
tives indicate  the  interactions  between  right  of  way  costs  and  construc- 
tion costs.  Cheap  land  is  found  in  areas  of  rough  terrain,  while  smooth 
areas  are  areas  of  high  land  cost.  A  reduction  in  construction  costs 
allows  a  corridor  to  follow  more  expensive  land  in  the  Mitchell  Plain,  as 
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shown  by  the  fourth  choice  in  Figure  63-B. 

When  four  factors,  including  one  measure  of  the  service  benefit 
factor,  are  studied,  the  alternatives  shown  in  Figure  6k   are  generated. 
Figure  6U-A  shows  the  alternatives  generated  when  the  four  factors  are 
given  equal  weights.  The  first,  second,  and  third  choices  approximately 
follow  the  present  State  Road  37  alignment.  However  the  first  choice  lies 
slightly  to  the  east,  avoiding  both  the  most  expensive  land  and  the  worst 
of  the  topographic  conditions.  The  fourth  and  fifth  choices  define  an 
alternative  easterly  corridor,  within  the  Norman  Upland.  All  generated 
alternatives  are  close  to  each  other  in  total  costs,  the  fifth  choice 
costs  less  than  1^  percent  more  than  the  first  choice. 

Although  not  shown,  raising  the  importance  of  the  right  of  way  cost 
factor  favors  easterly  corridors  within  the  Norman  Upland,  and  raising 
either  or  both  of  the  earthwork  cost  or  pavement  construction  cost  factors 
tends  to  favor  more  westerly  corridors. 

Figure  6h-B   shows  the  alternatives  generated  for  what  is  probably  a 
realistic  weighting  of  the  various  factors:  earthwork  cost  (kofo); 
pavement  construction  cost  (20$);  right  of  way  acquisition  cost  (10$); 
and  the  service  benefit  factor  measured  by  the  population  density  (30$). 
Now  choices  one,  two,  and  three  define  a  corridor  along  the  present  State 
Road  37,  although  the  second  choice  lies  somewhat  to  the  east.  The  fourth 
and  fifth  choices  lie  farther  to  the  east,  within  the  Norman  Upland. 
These  choices  reflect  the  interactions  between  the  costs  and  the  benefits. 

Results  of  Analyses  for  the  East-West  Corridor 
Figure  65-A  shows  a  typical  set  of  alternatives  generated  in  response 
to  the  two  factors  of  earthwork  cost  and  pavement  construction  cost.  A 
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single  east-west  corridor  is  defined,  although  the  fourth  choice  can  be 
considered  to  define  a  significantly  different  more  southerly  path.  The 
alternatives  shown  were  generated  with  the  factors  having  equal  weights; 
however  little  change  occurs  if  the  importance  of  either  factor  is  in- 
creased. 

Figure  65-B  shows  typical  results  of  a  three  factor  analysis.  Two 
east-west  corridors  are  evident;  a  northerly  corridor  defined  by  alterna- 
tives one,  two,  and  three,  and  a  southerly  one  defined  by  the  fourth  and 
fifth  alternatives.  Although  not  shown,  increasing  the  importance  of 
the  pavement  construction  cost  causes  the  alternatives  to  resemble  the 
two- factor  alternatives  shown  in  Figure  65-A;  while  increasing  the  import- 
ance of  the  right  of  way  acquisition  cost  factor  raises  the  attractive- 
ness of  the  southerly  corridor. 

Adding  a  fourth  factor  to  the  analysis  to  measure  the  service  benefit 
factor  results  in  the  generation  of  the  alternatives  shown  in  Figure  66. 
When  the  four  factors  are  given  equal  weights  the  southerly  corridor  is 
given  added  importance,  as  shown  in  Figure  66-A,  being  defined  by  the 
first  choice.  The  southern  corridor  passes  close  to  Bloomington  and 
Columbus,  while  the  northern  corridor  passes  close  to  Martinsville  and 
Edinburg.  Figure  66-B  shows  the  alternatives  generated  when  the  four 
factors  are  weighted  in  what  is  believed  to  be  a  realistic  manner:  earth- 
work cost  ( k 5$ );  pavement  construction  cost  (22$);  right  of  way  acquisi- 
tion cost  (22$);  and  the  service  benefit  factor  measured  by  population 
density  (11$).  Under  these  conditions,  the  first,  third,  and  fifth 
choices  define  a  northern  corridor;  the  second  and  fourth  choices,  a 
southern  corridor.  There  is  little  spread  in  the  costs  of  the  alternatives 


198 


CO 


or 
o 
u. 

c/) 

LU 
> 

I- 
< 

LU 


LU 

H 

< 

q: 

LU 

2 

LU 

O 

1 

< 

LU 

tr 

< 

, 

CO 

H 

LU 

co 

(/> 

LU 

V 

1- 

_l 

< 

2 

-z. 

q: 

< 

LU 

X 

q: 

H 

o 

Z> 

h- 

o 

O 

if) 

< 

B 

u_ 

CD 

CD 

LU 

_J 

LU 

Q_ 

a: 

3 

h- 
l 

o 

■**» 

199 


however,  since  the  fifth  choice  costs  less  than  11+  percent  more  than  the 
first  choice. 

Evaluation  of  Alternatives 

The  final  analyses  of  the  north-south  and  east-west  corridors  are 
shown  in  Figures  64-B  and  66-B.  However  the  alternatives  shown  were 
generated  in  response  to  purely  route-independent  factors.  These  alter- 
natives should  therefore  be  re-evaluated  to  determine  if  they  should  be 
re-ordered  to  reflect  the  route-dependent  factors. 

Shorter  routes  generally  will  have  lower  user  costs  and  higher  user 
benefits  associated  with  them  because,  at  the  same  level  of  service, 
travel  time  will  be  less  as  will  all  length  dependent  costs  such  as 
vehicle  operating  costs,  and  facility  maintenance.  The  importance  of 
such  costs  relative  to  the  first  costs  of  construction  must  be  decided  on 
by  the  engineer.  Under  high  traffic  volumes  the  importance  of  such  fac- 
tors may  equal  or  exceed  first  costs.  If  the  route -dependent  costs  are 
assumed  to  equal  the  first  costs,  alternatives  already  generated  should 
be  re-ordered  if  any  lower  numbered  choice  in  the  sequence,  when  compared 
to  a  higher  numbered-  choice,  shows  a  percent  reduction  in  length  which  is 
greater  than  the  percent  increase  in  first  costs. 

When  this  criterion  is  applied  to  the  alternatives  for  the  north- 
south  corridor  shown  in  Figure  6U-B,  some  re-ordering  is  shown  to  be 
desirable.  The  second  choice  costs  only  three  percent  more  than  the  first 
choice,  yet  it  is  h.5   percent  shorter  (U2  links  to  kk   links).  On  the 
other  hand  although  the  third  choice  costs  about  three  percent  less  than 
the  fourth  choice,  it  is  five  percent  longer  (k6   links  to  hh   links). 
Thus  the  alternatives  should  be  re-ordered  as  follows:-  (l)  choice  two, 


200 


(2)  choice  one,  (3)  choice  four,  (k)  choice  three,  and  (5)  choice  five. 
This  re-ordering  improves  the  relative  position  of  the  corridor  located 
within  the  Norman  Upland. 

When  the  same  criterion  is  applied  the  east-west  corridor  alterna- 
tives shown  in  Figure  66-B  only  the  first  and  second  alternatives  change 
places.  However  this  does  serve  to  increase  the  attractiveness  of  the 
southern  corridor. 

It  must  be  noted  that  a  different  ordering  will  probably  result  if 
different  relative  importance  is  attached  to  the  two  classes  of  highway 
location  factors. 
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CHAPTER  VI 
ANALYSIS  OF  NORTHERN  TEST  AREA 

Investigation  of  Route  Independent  Highway 
Location  Factors 

The  pertinent  characteristics  of  the  northern  test  area  are  des- 
cribed in  Chapter  IV  and  are  summarized  in  Figures  28,  29,  30,  31,  and 
32  (see  pages  108,  110,  111,  112,  and  llU). 

Seven  measures  were  used  to  evaluate  the  four  route-independent 
factors  of  earthwork  cost,  pavement  construction  cost,  right  of  way 
acquisition  cost,  and  service  benefits.  The  measures  were  prepared  in 
graphical  form  as  maps  at  suitable  scales.  These  were  sampled  to  produce 
numerical  measures  which  were  converted  first  to  values  and  later  to 
utilities.  Table  k   (page  115)  summarizes  the  measures,  values,  utilities 
and  associated  transformation  procedures  for  each  factor. 

Trend  surface  analysis  was  used  to  check  the  values  for  accuracy  and 
for  lack  of  bias.  Once  this  was  established,  transformation  of  the  values 
to  utilities  was  undertaken,  followed  by  generation  of  single  factor 
alternatives.  Generation  of  multiple  factor  alternatives  and  re-ordering 
of  these  alternatives  to  reflect  route  dependent  factors  completed  the 
analysis. 

The  analysis  shows  the  utility  of  the  GCARS  System  for  studying  new 
bypass  alternatives  near  medium  sized  urban  areas.  The  studies  are  con- 
sidered to  be  representative  of  the  Corridor  or  Route  levels  of  the 
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highway  planning  hierarchy. 

Derivation  of  a  Value  Surface  for  the 
Earthwork  Cost  Factor 

The  general  topographic  conditions  of  the  northern  test  area  are 
shown  in  Figure  28  (page  108).  Spot  elevations  were  measured  from 
standard  1:2^,000  topographic  quadrangles  having  ten  foot  contour  inter- 
vals. As  shown  in  Figure  6j,   portions  of  six  quadrangles  cover  the  test 
area.  Each  map  was  digitized  separately;  the  X  and  Y  coordinates  heing 
measured  from  an  arbitrary  origin  at  the  lower  left  hand  corner  of  each 
map.  Once  all  the  maps  were  digitized,  the  data  was  processed  to  convert 
the  coordinates  to  latitude  and  longitude  values.  Minor  map  scale  changes 
and  rotations  were  corrected.  The  data  was  stored  on  magnetic  tape.  A 
total  of  2521  spot  elevations  were  distributed  throughout  the  area. 

First  through  fifth  degree  trend  surfaces  were  fitted  to  these  ele- 
vation values.  The  computer- generated  contour  maps  in  Figure  68  shows 
the  shapes  of  these  surfaces.  Statistical  measures  were  obtained  for 
these  surfaces  and  are  shown  in  Table  12.  The  following  statements  are 
based  on  the  statistical  analysis  and  on  a  careful  examination  of  the 
contour  maps  of  these  trend  surfaces. 

The  first  degree  surface  forms  a  plane  dipping  gently  toward  the 
northeast.  It  explains  less  than  five  percent  of  the  variability  of  the 
original  elevation  data.  However  the  total  and  partial  F  tests  show  its 
coefficients  to  be  highly  significant.  In  other  words  it  shows  a  true 
regional  dip.  This  tendency  to  lower  elevations  in  the  northeast  prob- 
ably reflects  the  greater  width  of  the  Wabash  valley  northeast  of  Lafay- 
ette, and  the  presence  of  low  elevation  values  along  Wildcat  Creek  in  the 


203 


BR00KST0N 
SOUTHWEST 

1 

BROOKSTON 

LAFAYETTE 
WEST 

LAFAYETTE 
EAST 

ROMNEY 

STOCKWELL 

FIGURE   67.    THE    SIX    TOPOGRAPHIC 
THE   NORTHERN     TEST     AREA. 


MAPS    COVERING 


A.:; 


D. 


•LCCCCCCtCCCCCCCLCCCCCLoO 

icctcecccccceccccceccc 

UCCCCCCCCCCGCCCCCGCC  / 


LLCLtCCLttCLCL,      \ 


*j* 


;o° 


■_==§  [ 


£ 


r 


204 


A.  3 


DEGREE     lf= 


|| 


i.  ■  i  ■  ■:  ".in         ;*;iji'"        ■-«••••         ***** 


MiM    E.  l 


■:. 

:::::::::^:::::::  :::n:-:::::::: 

....•::.::zr;.r.; 

'?:!• 

.;=.—■■ 

:::::::£;::"" 

SS 

Ksssr— 

::;:::::::::: 

«.,i'S 

:"r 

jriHiSr 

L#v. 

s,          S        ~S~ 

11 

..-'     ,£>    : 

..;;::• 

.--■;-:     i 

SOoH™ 


3ff 


s  DEGREE    4 


^iilj" 


1  DEGREE    5 


^i|S; 


DEGREE    3  J§|| 


6-gi 


i*9«f 


«M5 


FIGURE  68. 

NORTHERN   TEST   AREA 
COMPUTER- GENERATED  CONTOUR 

MAPS  OF 

TREND  SURFACES  OF  DEGREE 

ONE  THROUGH  FIVE 

FOR 

TOPOGRAPHIC   ELEVATIONS. 

SCALE 


^-     

CONTOUR 

PERCENT 

TREND   SURFACE 

INTERVAL 

VARIATION 
EXPLAINED 

DEGREE      1 

20  Feet 

4.9 

DEGREE     2 

20  Feet 

40.2 

DEGREE     3 

20  Feet 

45.1 

DEGREE     4 

20  Feet 

48.2 

DEGREE     5 

20  Feet 

53.0 

2  05 


3 

I 


■z. 

§ 

C 

i 

o 

s- 

°  i-s 

E- 

l/N 

t/\ 

•-     -     — 

On  ON  ON  O^  ON 
ON  ON  ON  ON  ON 

[*-  CT'  O  i/s  O* 
ON  ON  CJN  ON  ON 

Of  Ol-O 

C7\  C7\  C>  C7v  rH 

3  6 

a 

CO 

n 

■ 

.c 

« 

afl 

o  c 

-r-t 

V    3 

KNO    ONVO  \© 

t-  ONrH  -»VJO 

ir\»j3  CAt—  -» 

X 

i-3 

»-4  U"\  l/\  C\J  C\J 

K\  CJ  V©   *"•  J- 

KNf-  OJ  OJ   KN 

r.  oc  iH  oj  O 

0 

i  > 

i-\ 

»HNO 

K 

o  fc. 

^ 

s 

*- 

0 

a   0 
It 

c  c— v©  u~\  .* 

C 

-  —  —  —  - 

U"\  U"\  i/\  U"\  U*N 

SS3S8! 

sssss 

•rl 

C\J  OJ  CVJ  CVJ   CU 

*0  NO  \J3  \Q  vo 

oj  OJ  OJ  OJ  Cy 

43 

-     V 

& 

.  £ 

OJ    «"N-*  U"N\£, 

rj  i^  j-  trwo 

ni  **>j*  \t\\q 

i. 

- 

p 

'- 

1 

o 

■H 

v.  c 

Is 

> 

>•  ,h  w 

ON  ON  ON  ON  ON 
ON  ON  On  ON  On 

CA  on  0\  On  on 

O  CA  CA  CA  CA 

U"\  C7N  C7V  Cy^  C^ 

%H 

0 

^  & 

M 

■H 

•H 

CO 

>> 

7 

C 

4) 

■O 

•S 

1 

-t>     3 

,o  iano  ir»  k> 

lAOCO   <M^ 

>r\t-  r-\o  o 

Oj   C\J  i-i  .H 

Oj  LT\  KN  rr\  kn. 

rH    CTN^   iT\^ 

t 

f|    > 

+> 

c 
E- 

U   Eb 

V. 

c    c 

v  -a 

f*--*    O   ON   ON 

HHHOO 
ITS  IT>  l/N  U*N  -* 

<r\  OJ  CD  m  t— 
O  O  CT\  OCT) 
ko  ^O  u^  w^  uS 

C*VJ3    CV  h-  rH 
O  O  O  O  O 

v  e 

CVJ  CN-  CNj  C\j   C\J 

Oj    OJ    OJ    rH    rH 

*r\\o  O  u~\  r-l 

»Ovo  C  tf\  «H 

rT\\£)     OlfVH 

HHCJ 

HHtM 

rlHN 

° 

g 

4» 

o  -a 

■rl    o 

>    d 

C\C\J  H  CV  O 

rH    t—  OCO    O 

O    rH   ON  t—  VJ3 

$t 

-3-  O  mco  N-\ 

^  -»  >£   t-  r-1 

i-i  OJ  j-  ON  o 

r-l 

OJ  OJ  OJ  >o 

ti  u 

u 

E 

■ 

0. 

e 

q 

Vi     ; 

0   — 

u 

i  - 

rH   OJ   H"\-=*  IfN 

jH   OJ   fT>^   ITV 

rH  OJ  K\J  ITV 

t>  e 

a  c 

E 

t-> 

♦> 

O 

■ 

■►> 

b 

8.9 

0 

■ 

0    K 

CJ 

o 

o   S 

£-3* 

c 

o 

lg 

§  i 

o  o 

o 

■   10   «H 

wl 

32 

|o| 

ll 

v4 

>  X 

S  S-  £ 

O   - 

m 

38 

>  -=>     0 

UHH 

CV,   O 

a  < 

206 


eastern  part  of  the  map  area  (see  Figure  28,  page  108). 

The  second  degree  trend  surface  forms  a  syncline  plunging  to  the 
northeast.  The  map  area  is  thus  divided  into  a  high  area  in  the  north- 
west, and  another  high  in  the  southeast  and  south;  there  being  separated 
by  an  intervening  low  one.  Comparison  of  this  surface  with  Figure  28 
(page  108)  shows  that  the  presence  of  the  Wabash  Valley  is  now  being 
made  more  evident.  Study  of  the  statistics  in  Table  12  shows  that  the 
percent  variation  explained  has  jumped  to  just  over  forty  percent,  while 
the  partial  and  total  F- tests  leave  no  doubt  as  to  the  significance  of 
these  coefficients. 

The  third  degree  trend  surface  shows  the  curve  of  the  Wabash  Valley. 
The  statistics  show  an  increase  of  about  five  percent  in  the  percent 
variation  explained  by  this  surface  over  the  second  degree.  The  coeffi- 
cients remain  significant. 

The  fourth  and  fifth  degree  trend  surfaces  continue  to  add  refine- 
ments to  this  basic  pattern.  The  fourth  degree  surface  begins  to  show 
some  response  to  the  presence  of  Wildcat  Creek  along  the  eastern  border. 
The  fifth  degree  surface  carries  this  effect  further  and  adds  a  low  in 
the  south  central  part  of  the  map  area  which  reflects  the  presence  of 
Wea  Creek.  A  widening  of  the  low  zone  in  the  western  part  of  the  map  may 
possibly  reflect  the  presence  of  Indian  Creek.  These  surfaces  retain  a 
high  significance  in  their  coefficients  and  add  a  few  percentage  points 
to  the  percent  variation  explained. 

Of  all  the  surfaces,  the  fifth  degree  surface  expresses  the  regional 
topography  in  the  most  satisfactory  manner.  Over  53  percent  of  the  varia- 
bility in  the  original  elevation  values  is  explained  by  this  surface. 
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Accordingly,  a  piece-wise  analysis  and  construction  of  a  trend  mosaic 
surface,  as  performed  in  the  southern  test  area,  was  believed  unnecessary. 
The  fifth  degree  trend  surface  was  selected  as  the  best  smoothed  grade- 
line  surface.  A  weighted  moving  average  procedure  was  applied  to  the 
residuals  to  this  surface.  The  resulting  interpolated  grid  values  were 
utilized  to  form  the  value  surface  for  the  earthwork  cost  factor. 
Figure  69  shows  a  computer  generated  map  of  the  residuals  based  on  these 
interpolated  values. 

Derivation  of  a  Value  Surface  for  the  Pavement 
Construction  Cost  Factor 

Information  on  the  distribution  of  soil  types  for  the  northern  test 
area  was  obtained  from  the  Tippecanoe  County  Engineering  Soils  Map  pre- 
pared by  Yeh  [l33l-   Figure  29  (page  110)  shows  the  portion  of  the  map 
covering  the  test  area. 

Ten  soil  types  are  mapped  within  the  test  area.  Each  was  given  a 
code  number  and  the  map  was  digitized  according  to  the  procedures  out- 
lined for  homogeneous  discontinuous  measures  in  Chapter  IV.  A  total  of 
609  sample  points  was  required. 

The  code  numbers  representing  the  engineering  soil  types  are  a 
measure.  Conversion  of  this  measure  to  a  value  for  the  pavement  construc- 
tion cost  factor  was  accomplished  by  the  use  of  the  soil  ratings  developed 
by  Ulbricht  [ll8].  The  procedure  was  identical  to  that  utilized  in  the 
southern  test  area  and  described  previously.  Table  13  gives  the  values 
utilized.  Two  engineering  soil  units,  ground  moraine  and  ground  moraine 
covered  with  thin  loess,  were  judged  essentially  identical  in  pavement 
construction  costs  in  this  area  and  thus  were  given  identical  weights. 
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FIGURE    69.  NORTHERN    TEST    AREA- 
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Ulbricht  did  not  separately  classify  terraces  or  organic  topsoils  so 
appropriate  ratings  were  selected  by  the  author.  These  mean  soil  ratings 
were  subtracted  from  ten  to  obtain  values  which  increased  as  the  sub- 
grade  quality  decreased. 

Trend  surfaces  of  degree  one  through  five  were  fitted  to  the  data 
in  order  to  determine  if  an  appropriate  value  surface,  free  from  sampling 
bias,  or  error,  was  being  obtained.  Figure  70  shows  the  shapes  of  the 
pavement  construction  cost  value  trend  surfaces  as  displayed  by  computer- 
generated  contour  maps. 

Inspection  of  these  maps  resulted  in  a  number  of  conclusions.  The 
first  degree  surface  is  almost  horizontal  (the  contour  interval  for 
Figure  70-A  is  0.1  units;  for  all  the  higher  degree  surfaces  it  is  0.5 
units).  There  is  a  very  low  eastward  dip.  The  surface  indicates  a  lack 
of  any  large-scale  regional  change  in  soil  construction  characteristics 
in  the  area.  In  other  words  it  is  "uniformly  heterogeneous",  a  fact  that 
can  be  borne  out  by  personal  observation  in  this  area. 

The  second  degree  surface  forms  a  quite  differently  shaped  surface. 
A  northeast-southwest  trending  zone  of  low  pavement  cost  runs  across  the 
map  area.  This  zone  reflects  the  presence  of  granular  terrace  and  out- 
wash  materials  along  the  south  of  the  Wabash  River  valley.  These  are 
rated  as  good  subgrade  materials  and  have  low  cost  values  associated  with 
them.  The  third,  fourth,  and  fifth  degree  trend  surfaces  allow  this  low 
cost  zone  to  curve  from  northeast  to  southwest  so  as  to  more  nearly 
follow  the  Wabash  valley.  The  fifth  degree  surface  shows  generally  lower 
values  south  of  the  Wabash  River  compared  to  those  on  the  north;  this 
appears  to  reflect  the  more  abundant  outwash  materials  present  south  of 
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the  river. 

Statistical  analysis  of  these  trend  surfaces,  the  results  of  which 
are  found  in  Table  12  (page  205)  reinforced  the  above  conclusions.  The 
percent  sum  of  squares  explained  by  these  surfaces  is  always  extremely 
small,  ranging  from  a  little  over  one  percent  for  the  first  degree  sur- 
face to  eleven  percent  for  the  fifth  degree  surface.  This  emphasized  the 
marked  local  heterogenity  of  the  soil  conditions  and  the  lack  of  any 
extremely  strong  regional  pavement  cost  variations.  The  results  of  the 
total  and  partial  F-tests  indicate  that  the  various  surfaces  do  represent 
real  effects.  The  first  degree  surface  has  an  almost  horizontal  attitude 
and  the  lower  confidence  levels  of  its  coefficients  merely  substantiate 
the  earlier  statement  that  there  is  no  significant  linear  regional  pave- 
ment construction  cost  variation  in  this  area.  The  low  partial  F- value 
calculated  for  the  third  degree  trend  surface  casts  some  doubt  on  its 
reliability;  however  this  is  offset  by  the  higher  values  obtained  for 
the  fourth  and  fifth  degree  surfaces  which  exhibit  very  similar  patterns. 

On  the  basis  of  this  analysis,  the  pavement  construction  cost  values 
derived  from  sampled  engineering  soil  map  information  and  modified  by 
Ulbricht's  rating  scale  were  accepted  as  valid.  The  percent  variation 
explained  by  the  trend  surfaces  indicates  that  large  local  heterogeneity 
is  present  in  this  data.  Accordingly  a  series  of  gridded  estimates  of 
the  sampled  pavement  construction  cost  values  were  computed  using  a 
weighted  moving  average  procedure.  These  were  selected  to  form  the  pave- 
ment construction  cost  value  surface  which  is  shown  by  a  computer-genera- 
ted contour  map  in  Figure  71- 
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Derivation  of  a  Value  Surface  for  the 

Right-of-Way  Acquisition  Cost  Factor 
Assessment  of  all  properties  within  an  area  as  large  as  the  northern 
test  area  would  be  a  lengthy  and  expensive  process.  Such  detailed  infor- 
mation is  probably  unnecessary  until  the  lower  alignment  level  of  the 
highway  planning  hierarchy  is  reached.  Consideration  was  given  to  the 
following: 

(1)  Selectively  assessing  samples  of  property  classes  through- 
out the  area. 

(2)  Extracting  assessed  valuations  from  local  tax  rolls. 

(3)  Requesting  quotations  from  local  real  estate  companies. 
However,  legal  or  practical  difficulties  were  presented  which  ultimately 
discouraged  these  approaches. 

With  the  extremely  limited  staff  available  for  this  project  an 
approximate  procedure  proved  to  be  the  only  feasible  approach.  The  author 
feels  the  results  of  the  adopted  procedure  are  satisfactory;  however  it 
is  obvious  that  more  exact  procedures  would  be  desirable,  particularly  if 
this  type  of  analysis  is  being  performed  by  agencies  having  access  to 
data  banks,  local  property  tax  rolls,  or  having  sufficient  staff  to 
collect  and  compile  the  necessary  information. 

The  adopted  procedure  is  analogous  to  that  utilized  in  the  southern 
test  area.  Changes  resulted  from  the  change  in  scales  and  necessary 
detail  required  by  the  two  studies.  As  described  in  Chapter  IV  the  basic 
measure  is  a  land  use  map,  shown  as  Figure  31  (page  112).  This  was 
developed  partly  from  land  use  classifications  developed  for  109  zones  by 
Golenberg  [31]  and  partly  by  interpretation  of  19^3  aerial  photographs. 
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Golenberg's  data  covered  the  metropolitan  areas;  the  photo  interpretation 
covered  the  suburban  and  rural  portions  of  the  test  area. 

Six  land  use  categories  we  e  defined  for  the  northern  test  area  on  a 
zone  basis.  A  total  of  213  zones  were  defined.   Each  land  use  category 
was  given  a  code  number.  The  land  use  data  was  collected  in  conjunction 
with  several  of  the  service  benefit  measures.  Thus  in  accordance  with 
common  traffic  engineering  practice  each  zone  was  sampled  once  with  the 
data  measured  at  the  zone  centroid. 

A  rating  scale  was  devised  to  convert  the  six  land  use  measures  to 
right  of  way  acquisition  cost  values  by  the  comparatively  simple  exped- 
ient of  polling  selected  knowledgable  Purdue  University  staff  members. 
The  selected  scale  is  given  in  Table  Ik.     In  devising  the  scale,  agricul- 
tural land  costs  of  1+00  -  600  dollars  per  acre  were  assumed  to  be  equal 
to  one.  Thus  residential  land  ranging  upward  from  1000  dollars  an  acre 
took  a  weight  of  three.  The  high  rating  of  ten  given  to  institutional 
and  recreational  land  use  categories  reflects  their  general  unavailability 
for  right  of  way  acquisition.  Recreational  land  in  this  area  consists 
primarily  of  municipal  parks. 

The  rating  scheme  can  be  considered  to  reflect  dollar  values  tempered 
by  an  appreciation  of  social  and  aesthetic  considerations.  The  enormous 
range  in  land  values  present  within  many  categories  is  recognized  by  the 
author  and  it  is  conceded  that  the  rating  system  can  at  best  be  only  a 
crude  approximation  of  actual  costs.  It  is  not  intended  that  this  rating 
system  be  applied  in  actual  location  studies,  however  in  the  context  of 
the  present  research  it  was  felt  desirable  to  show  how  land  acquisitions 
costs,  in  conjunction  with  other  factors,  can  affect  the  choice  of  highway 
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TABLE  11+ 

NORTHERN  TEST  AREA 

ADOPTED  RATING  SCALE  FOR  RIGHT  OF  WAY 

ACQUISITION  COST  VALUES 


Land  Use  Category 

Code  Number 

Right  of  Way 
Acquisition 
Cost  Value 

Agricultural 

01 

1.0 

Residential 

02 

3.0 

Commercial 

03 

8.0 

Industrial 

ok 

9.0 

Institutional 

05 

10.0 

Recreational 

06 

10.0 

Land  use  categories  defined  by  Golenberg  or  by  airphoto  interpretation. 
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locations.  The  results  of  the  analysis  appear  reasonable;  thus  the  pro- 
cedure can  be  best  defended  in  terms  of  the  results  achieved. 

Trend  surfaces  of  degrees  one  through  five  were  fitted  to  the  land 
acquisition  cost  values  to  test  their  validity.  Computer  generated  con- 
tour maps  of  these  trend  surfaces  are  shown  in  Figure  72.  The  results  of 
statistical  analyses  are  given  in  Table  12  (page  205). 

The  first  degree  surface  is  nearly  horizontal,  sloping  gently  down- 
ward from  northwest  to  southwest.  This  orientation  is  probably  the  result 
of  the  Lafayette-West  Lafayette  metropolitan  area  being  located  slightly 
northwest  of  true  map  center  and  is  not  believed  significant  in  the  light 
of  the  statistical  analysis.  The  first  degree  surface  explains  less  than 
two  percent  of  the  data  variability,  while  both  the  total  and  partial 
F-tests  give  low  confidence  to  the  hypothesis  that  the  linear  coefficients 
are  significantly  different  from  zero.  Thus  little  importance  is  attached 

to  this  surface. 

The  higher  degree  trend  surfaces  differ  greatly  from  the  first  degree 
surface.  All  show  the  same  general  pattern;  a  dome- shaped  maximum  more 
or  less  centered  over  the  Lafayette-West  Lafayette  area.  Partial  F-test 
results  suggest  the  second  and  fourth  degree  coefficients  are  the  most 
significant.  This  is  substantiated  by  the  small  increases  in  the  percent 
variation  explained  which  occur  in  moving  from  the  second  to  third  or 
fourth  to  fifth  degree  trend  surfaces.  Comparison  of  the  second  and 
fourth  degree  trend  surfaces  shows  that  while  the  second  degree  surface 
poorly  fits  the  data  in  the  corners  of  the  study  area,  giving  large 
unrealistic  negative  values,  the  fourth  degree  surface  is  capable  of 
"curling  its  corners  up"  and  so  giving  a  better  over-all  fit  to  the  data. 
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FIGURE  72. 

NORTHERN  TEST  AREA 
COMPUTER- GENERATED  CONTOUR 

MAPS  OF 

TREND  SURFACES  OF  DEGREE 

ONE  THROUGH  FIVE 

FOR 

RIGHT  OF  WAY  ACQUISITION 

COST  VALUES. 

SCALE 


CONTOUR 

PERCENT 

TREND   SURFACE 

INTERVAL 

VARIATION 
EXPLAINED 

DEGREE      1 

1.0  Unit 

1.8 

DEGREE     2 

1.0  Unit 

22.1 

DEGREE     3 

1.0  Unit 

24.9 

DEGREE     4 

1.0  Unit 

29.7 

DEGREE     5 

1.0  Unit 

30.6 
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On  the  basis  of  this  analysis,  the  right  of  way  acquisition  cost 
values  were  accepted.  Since  the  trend  surfaces  never  explained  more  than 
30  percent  of  the  variability  in  the  data,  they  were  not  believed  suit- 
able substitutes  for  the  sampled  values.  A  series  of  gridded  estimates 
were  therefore  computed  by  a  weighted  moving  average  procedure  and  util- 
ized to  form  the  right  of  way  acquisition  cost  value  surface.  This  sur- 
face is  shown  by  a  computer  generated  contour  map  in  Figure  73  • 

Derivation  of  Value  Surfaces  for  the 
Service  Benefits  Factor 

As  shown  in  Table  k   (page  115)  four  measures  were  used  to  represent 
some  type  of  service  benefit  factor.  These  were  (l)  population  totals, 
(2)  population  densities,  (3)  trip  ends,  and  (k)   distribution  of  present 
highway  facilities.  The  first  three  measures  were  determined  for  each 
of  213  orgin-destination  zones  located  within  the  study  area.  The  distri- 
bution of  present  highway  facilities  was  measured  on  the  Tippecanoe 
County  Highway  Map. 

Suitable  data  on  population  and  trip  ends  were  available  for  the  109 
Lafayette  metropolitan  zones  in  Golenberg's  thesis  [31] -  Extraction  of 
data  from  Bureau  of  the  Census  PL-1  forms  based  on  the  i960  census  was 
required  to  extend  Golenberg's  values  to  include  the  entire  study  area. 
The  census  forms  tabulate  data  by  census  tracts  which  cover  many  zones. 
Population  was  distributed  in  rural  area  zones  by  the  simple  expedient  of 
counting  the  dwellings  in  a  zone  and  multiplying  this  figure  by  the 
average  number  of  people  per  dwelling,  a  statistic  listed  for  each  census 
tract.  Values  were  rounded  to  the  nearest  whole  person. 
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FIGURE    73.    NORTHERN     TEST    AREA 
CONTOUR    MAP  OF    RIGHT  OF  WAY 
ACQUISITION    COST    VALUE    SURFACE. 
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For  those  census  tracts  which  covered  suburban  as  well  as  rural 
zones,  the  rural  zones  were  evaluated  first.  Progressively  more  diffi- 
cult zones  were  evaluated  until  all  were  computed.  In  those  cases  where 
a  few  zones  were  very  difficult  to  count  because  of  comparatively  dense 
populations,  the  remaining  populations  were  arbitrarily  distributed  in 
the  most  reasonable  fashion  possible.  Only  a  few  adjustments  were  found 
necessary  in  order  to  satisfactorily  distribute  the  population  totals  for 
the  census  tracts  among  the  various  zones. 

The  zone  boundaries  were  initially  defined  on  the  1963  aerial  photo- 
graphs which  were  assembled  to  form  an  uncontrolled  mosaic.  The  boundaries 
were  transferred  to  a  1:2U,000  scale  base  map  drawn  from  topographic  maps. 
Planimeters  were  used  to  measure  the  areas  of  each  zone  in  square  inches. 
These  figures  were  converted  to  acres.  The  previously  determined  popula- 
tion totals  for  each  zone  were  divided  by  the  zone  areas  to  determine 
population  densities  measured  as  people  per  acre. 

Another  measure  of  the  demand  for  transportation  is  the  number  of 
trip  ends  located  in  each  zone.  Industrial  and  commercial  zones  demand 
considerable  transportation  services,  yet  few  people  live  in  these  areas. 
Thus  population  data  tend  to  inadequately  estimate  the  demands  of  commer- 
cial or  industrial  zones.  Golenberg  developed  trip  end  distributions  for 
109  urban  area  zones  by  taking  1952  trip  end  values  and  modifying  them  by 
suitable  growth  models.  A  number  of  models  were  investigated,  but  it  was 
concluded,  on  the  basis  of  comparison  with  screen  line  counts,  that  a 
Fratar  distribution  with  a  certain  growth  factor  (termed  the  Fratar  Growth 
Factor  3)  was  the  best  model  [3l]«  Accordingly,  trip  end  distributions 
developed  by  this  model  were  used  in  the  current  research. 
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Trip  end  distributions  had  to  be  calculated  for  the  surrounding  areas 
however.  These  areas  are  classified  as  either  residential  or  agricul- 
tural. The  latter  for  trip  generation  purposes  was  considered  to  be  a 
low  density  residential  land  use.  Golenberg  reviews  a  number  of  tech- 
niques for  estimating  trip  generation  potentials.  The  simplest  procedures 
involve  the  determination  by  regression  analysis  of  empirical  equations 
relating  measurable  characteristics,  such  as  population  density  or 
vehicle  ownership,  to  the  number  of  trips.  Shuldiner  [102]  developed 
prediction  equations  for  trip  generation  from  the  home.  The  following 
equation  developed  by  Shuldiner  was  used  in  this  study :- 

T  =  -0.627  +  1.2l6p 
T  is  the  average  daily  number  of  person  trips  from  a  home  and  p  is  the 
number  of  persons  per  dwelling  unit.  The  value  of  p  for  each  census 
tract,  and  thus  for  each  zone,  is  available  on  the  census  forms.  It  was 
thus  a  simple  matter  to  obtain  T.  The  total  number  of  trip  ends  in  a 
zone  was  merely  the  value  of  T  multiplied  by  the  number  of  housing  units 
per  zone;  a  value  that  had  already  been  determined. 

Evaluation  of  these  measures  of  the  service  benefit  factor,  namely 
the  zone  population  totals,  the  zone  population  densities  and  the  zone 
trip  ends,  involved  considerable  effort.  Accordingly,  as  in  the  southern 
test  area,  a  measure  of  the  quality  of  the  existing  road  network  was 
investigated  as  an  alternative.  The  ratings  assigned  to  each  type  of 
roadway  are  shown  in  Table  15-  The  quality  of  each  road  intersection 
equals  the  sum  of  the  ratings  of  the  roadways  meeting  at  the  intersection. 
Values  of  the  road  intersections  range  from  3-0  for  a  "Tee"  intersection 
involving  gravel  roads  to  20.0  for  an  intersection  between  two  principal 
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TABLE  15 
ROADWAY  RATINGS  FOR  NORTHERN  TEST  AREA 


Roadway  Classification 

Rating 

US  52  and  US  52  Bypass 

6 

Federal  and  Primary  State  Highways 

1* 

Secondary  State  Highways 

3 

Urban  Arterials 

3 

Rural,  Bituminous  Surfaced 

2 

Rural,  Gravel  Surfaced 

1 

Roads  classified  according  to  Tippecanoe  County  Highway  Map. 
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highways.  The  intersections  were  sampled  as  a  discrete  measure  on  the 
Tippecanoe  County  Highway  Map  (revised  1966  edition)  scaled  at  one  inch 
to  the  mile.  A  total  of  402  intersections  were  evaluated.  Generation 
of  these  values  was  extremely  rapid  in  comparison  with  the  time  required 
to  develop  the  other  measures. 

Trend  surfaces  of  degree  one  through  five  were  fitted  to  all  four 
data  sets  in  order  to  test  the  value  surfaces  for  accuracy  and  lack  of 
bias.  All  four  values  gave  very  similar  results  as  shown  by  the  statis- 
tics in  Tables  l6  and  17.  Figure  74  shows  computer  generated  contour  maps 
of  the  five  trend  surfaces  fitted  to  the  trip  ends  data. 

None  of  these  first  degree  trend  surfaces  are  statistically  signifi- 
cant. The  second,  third,  fourth  and  fifth  degree  surfaces  form  domes 
centered  on  the  Lafayette  metropolitan  area.  The  higher  degree  surfaces 
show  a  greater  ability  to  "curl  up  their  corners"  and  avoid  the  unreal- 
istic large  negative  values  in  the  corners.  The  higher  degree  surfaces 
of  the  road  intersection  quality  values  show  high  values  toward  the  south- 
east and  west  along  US  Route  52.  Higher  values  are  found  also  in  the 
northeast  reflecting  the  presence  of  Indiana  State  Route  25. 

None  of  the  trend  surfaces  explained  a  very  high  percentage  of  the 
total  variability  inherent  in  the  original  data.  Thus  the  value  surfaces 
for  each  measure  were  represented  by  a  series  of  gridded  values,  interpo- 
lated from  the  original  sampled  values  by  a  weighted  moving  average  pro- 
cedure. These  value  surfaces  are  shown  in  Figures  75  and  76. 

In  order  to  measure  the  apparent  similarity  of  the  various  service 
benefit  factor  value  surfaces,  the  gridded  values  were  studied  by  the  map 
comparison  techniques  described  by  Tobler  [112] .  For  purposes  of 
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comparison,  the  right  of  way  acquisition  cost  values  were  also  included. 
The  method  yields  a  series  of  linear  correlation  coefficients  which 
are  displayed  in  Table  17.  The  procedure  is  sensitive  to  small  discrep- 
ancies between  the  surfaces  being  compared  however,  and  so  the  computed 
coefficients  are  not  particularly  high.  This  indicates  that  each  value 
surface  forms  a  distinct  service  benefit  factor.  Accordingly  each  of 
these  data  sets  were  converted  to  utilities  and  used  to  generate  alter- 
native highway  locations. 

Generation  of  Single  Factor  Alternatives 
Before  the  generation  of  alternatives  can  begin,  an  origin  and  a 
destination  must  be  selected.  A  single  origin  and  destination  will,  at 
this  level  in  the  highway  planning  hierarchy,  define  a  Route. 

After  consideration  of  the  transportation  needs  of  the  area,  and  of 
its  probable  future  needs,  it  was  decided  to  evaluate  two  routes;  the 
first  joining  US  52  southeast  of  Lafayette  to  US  52  northwest  of  West 
Lafayette,  the  second  joining  State  Road  k3   south  of  Lafayette  with  State 
Road  1+3  north  of  West  Lafayette. 

Results  of  Analysis  for  US  52  Route 
Figures  77,  78,  79,  and  80  show  the  results  obtained  for  the  US  52 
route.  Alternatives  generated  to  minimize  earthwork  costs,  Figure  77-A, 
generally  lie  south  and  west  of  the  Lafayette-West  Lafayette  metropolitan 
area.  Cost  increase  fairly  rapidly  from  the  minimum  (first)  choice.  The 
second  choice  costs  over  15  percent  more,  the  third  almost  29  percent, 
and  the  fifth  over  50  percent  more  than  the  first  choice.  The  competing 
eastern  route  is  not  chosen  until  the  fifth  choice.  All  choices  tend  to 
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follow  natural  depressions  when  approaching  the  Wabash  Valley. 

Figure  77-B  shows  those  alternates  generated  to  minimize  pavement 
construction  costs.  Examination  of  the  generated  alternatives  shows  they 
are  greatly  affected  by  the  presence  of  granular  materials  in  terraces 
or  outwash  plains.  Thus  the  first  choice  follows  Wildcat  Creek;,  and  the 
terraces  along  the  Wabash  River  before  striking  due  north  to  its  destin- 
ation north  of  West  Lafayette.  Choice  two  follows  Wildcat  Creek,  crosses 
the  Wabash  Valley  on  the  terraces  southwest  of  Battle  Ground,  then  fol- 
lows the  outwash  deposits  found  along  the  Hadley  Lake  depression  to  its 
destination.  Choices  three,  four,  and  five  follow  the  outwash  plain 
south  of  Lafayette  onto  the  Wea  plains  to  the  west,  before  travelling 
north  to  their  destination. 

Figure  78-A  shows  the  generated  alternatives  which  minimize  right 
of  way  acquisition  costs.  A  marked  preference  for  the  western  route  is 
evident.  The  costs  of  the  alternatives  rise  rapidly  with  the  fourth 
choice  exceeding  235  percent  of  the  first  choice. 

The  analyses  designed  to  measure  service  benefits  using  population 
zone  totals,  zone  population  densities,  zone  trip  ends,  and  maximizing 
the  present  road  network  give  very  similar  results,  as  shown  in  Figures 
78-B,  79-A,  79-B,  and  80-A.  As  would  be  expected,  all  pass  through  the 
Lafayette-West  Lafayette  area.  Only  small  difference  exist  between  the 
results  shown  for  these  four  measures. 

It  is  interesting  to  note  that  the  trip  ends  data  (Figure  78-B) 
moves  the  first  and  second  choices  further  to  the  north  and  northwest  of 
West  Lafayette,  nearer  the  present  US  52  alignment.  It  is  speculated 
that  travel  demand  from  a  Purdue  Research  Park  and  a  large  commercial 
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area  has  caused  this  effect.  Similarly,  the  maximization  of  the  present 
road  network  pushes  (Figure  80-A)  the  early  choices  nearer  the  present 
US  52  bypass,  as  should  be  expected.  With  the  exception  of  the  road  net 
maximization  analysis  where  the  fifth  choice  "costs"  almost  twice  the 
first  choice,  the  range  in  variation  between  the  generated  alternatives 
for  the  service  benefit  factor  do  not  show  a  sharply  defined  optimum. 
The  fifth  choice  for  instance  does  not  exceed  118  percent  of  the  first 
choice. 

It  is  possible  to  consider  another  type  of  benefit  through  use  of 
the  road  intersection  quality  values.  A  new  bypass  facility  should  not 
duplicate  present  facilities  but  should  be  placed  so  as  to  best  serve  the 
transportation  needs  in  conjunction  with  present  roadways,  rather  than  in 
competition  with  them.  This  can  be  studied  by  utilizing  the  road  inter- 
section quality  values  as  a  cost  rather  than  a  benefit;  by  seeking  routes 
which  minimize  these  values  rather  than  those  which  maximize  them. 

This  analysis  was  performed  for  the  US  52  route.  Figure  80-B  shows 
the  results.  Two  alternative  routes  ere  developed,  with  choices  one, 
three,  and  five  favoring  an  eastern  route  and  choices  two  and  four  a 
western  route.  The  western  choices  are  shorter  however. 

Results  of  Analysis  for  State  Road  k-3   Route 
The  results  of  the  State  Road  1*3  route  analysis  for  each  individual 
factor  are  shown  in  Figures  8l,  82,  83,  and  8^. 

The  alternatives  generated  to  minimize  earthwork  costs  are  shown  in 
Figure  8l-A.  A  western  route  is  favored,  with  only  the  fourth  choice 
following  an  eastern  route.  The  optimum  is  quite  well  defined,  with  the 
fifth  choice  costing  almost  138  percent  of  the  first  choice. 
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Figure  8l-B  shows  the  alternatives  generated  to  minimize  the  pave- 
ment construction  cost  factor.  Once  again  the  strong  attraction  of  the 
granular  terrace  and  outwash  plain  soils  is  evident.  Only  the  fourth 
and  fifth  choices  cross  long  sections  of  other  types  of  soils. 

The  analysis  of  right  of  way  acquisition  costs  showed  a  marked 
avoidance  of  populated  land.  As  shown  in  Figure  82-A,  the  generated 
alternatives  are  divided  between  an  eastern  and  a  western  route.  Choices 
one,  three,  and  five  favor  an  eastern  route,  while  choices  two  and  four 
follow  a  western  route.  Many  portions  of  these  choices  move  as  far  from 
the  Lafayette-West  Lafayette  metropolitan  area  as  is  possible  within  the 
limits  of  the  study  area. 

Analyses  of  possible  service  benefits,  as  measured  by  population 
totals,  population  densities,  trip  end  values,  or  by  maximization  of  the 
present  road  network  are  shown  in  Figures  82-B,  83-A,  83-B,  and  8U-A. 
These  four  analyses  yield  very  consistent  results  with  the  generated 
alternatives  passing  directly  through  the  Lafayette-West  Lafayette  metro- 
politan area.  Few  important  differences  can  be  distinguished  except  that 
the  road  net  data  once  again  causes  the  first  choice  to  move  closer  to 
the  present  US  52  bypass.  The  road  net  analysis  again  yields  the  sharp- 
est optimum  of  the  four  analyses.  Analysis  of  the  non-duplication  of 
facilities  measure  of  the  service  benefit  factor  was  also  undertaken. 
Figure  8U-B  shows  the  results.  Choices  one,  two,  and  four  favor  an  east- 
ern route  while  choices  three  and  five  follow  a  western  route.  All  routes 
tend  to  avoid  heavily  populated  areas. 
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Generation  of  Multiple  Factor  Alternatives 
The  number  of  different  multiple  factor  analyses  totaled  k2,   split 
equally  between  the  US  52  route  and  the  State  Road  kj>   route.  These 
analyses  can  be  classified  into  four  categories  of  differing  complexities, 
as  shown  in  Table  18. 

The  simplest  combined  factor  analyses  involve  only  two  factors. 
Studies  of  the  earthwork  cost  and  pavement  construction  cost  factors  allow 
the  engineer  to  investigate  the  route  independent  construction  costs. 
Three  factor  analyses,  which  include  the  earthwork  cost,  the  pavement 
construction  cost,  and  the  right  of  way  acquisition  cost  factors,  allow 
the  engineer  to  study  the  overall  facility  costs.  Four  factor  analyses 
include  at  least  one  measure  of  the  service  benefit  factor,  which  serves 
to  temper  the  cost  considerations.  Five  factor  analyses  include  two 
measures  of  the  service  benefit  factor  and  the  three  route  independent 
cost  factors. 

Results  of  Analyses  for  the  US  52  Route 
When  the  two  factors  of  earthwork  cost  and  pavement  construction 
cost  were  combined  equally  the  generated  alternatives  continued  to  reflect 
the  distribution  of  the  granular  soils  shown  in  Figure  30  (page  111). 
In  Figure  85-A,  the  first  and  third  choices  follow  Wildcat  Creek  while 
the  other  alternatives  follow  the  outwash  south  and  west  of  Lafayette  to 
form  a  western  route.  If  either  factor  is  emphasized,  the  resulting 
choices  tend  to  closely  resemble  the  alternatives  found  for  that  factor 
independently . 

As  shown  in  Figure  85-B,  when  the  three  factors  of  earthwork  cost, 
pavement  construction  cost  and  right  of  way  acquisition  cost  are  combined 
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TABLE  18 

NORTHERN  TEST  AREA 

MULTIPLE  FACTOR  ANALYSES 


Category  of 
Analysis 

Factor  Weights  Used  in 

Each  An 

alysis 

Earthwork 
Cost 

Pavement 
Cost 

Right  of 
Way  Cost 

Servi 

ce  Benefits 

Trip 

Non-duplication 

Ends 

of  facilities 

Two  Factor  Analyses 

Trial  (a) 

1 

1 

Trial  (b) 

1 

2 

Trial  (c) 

2 

1 

Three  Factor  Analyses 

Trial  (d) 

1 

1 

1 

Trial  (e) 

1 

1 

2 

Trial  (f) 

1 

2 

1 

Trial  (g) 

2 

1 

1 

Four  Factor  Analyses 

1 

1 

1 

1 

Trial  (h) 

Trial  (i) 

2 

1 

1 

1 

Trial  (j) 

1 

2 

1 

1 

Trial  (k) 

1 

1 

2 

1 

Trial  (i) 

1 

1 

1 

2 

Trial  (m) 

2 

2 

1 

1 

Trial  (n) 

1 

1 

U 

1 

Trial  (0) 

2 

2 

h 

1 

Trial  (p) 

1 

1 

2 

k 

Trial  (q) 

1 

1 

1 

k 

Five  Factor  Analyses 

1 

1 

1 

1 

1 

Trial  (r) 

Trial  (s) 

1 

1 

1 

1 

2 

Trial  (t) 

1 

1 

1 

It 

1 

Trial  (u) 

2 

2 

h 

1 

1 

Each  analysis  was  performed  twice;  once  for  the  US  52  Route  and  once  for  the 
State  Road  4  3  Route. 

One  special  four  factor  analysis  utilizing  maximization  of  the  present  road 
network  as  the  only  service  benefit  measure  was  performed  for  the  US  52  route. 
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equally  the  western  bypass  is  the  best  alternative.  Not  until  the  fifth 
choice  is  reached,  costing  150  percent  of  the  first  choice,  does  an 
eastern  route  emerge  following  Wildcat  Creek  and  close  to  the  north  edge 
of  West  Lafayette.  If  the  pavement  construction  cost  factor  is  given 
precedence  then  the  alternatives  shown  in  Figure  86-A  are  generated. 
Choices  one,  two,  and  four  follow  the  western  route,  while  choices  three 
and  five  follow  the  Wildcat  Creek,  and  Wabash  Valley  outwash  deposits. 
If  the  right  of  way  acquisition  cost  factor  is  given  precedence  Figure 
86-B  reuslts.  All  choices  follow  a  western  route  with  a  sharply  defined 
optimum. 

Figures  87-A  and  87-B  show  that  slightly  different  alternatives  can 
be  obtained  through  the  use  of  different  service  benefit  measures.  When 
the  present  road  network  is  maximized  the  first  choice  follows  an  eastern 
route  (Figure  87-A).  However  the  second  choice,  following  a  western 
route,  differs  from  this  first  choice  by  only  two  percent  and  the  third 
choice  by  about  ten  percent;  so  that  for  all  practical  purposes  these 
alternatives  cannot  be  greatly  different  in  terms  of  their  overall,  cost- 
benefit  values.  In  contrast,  when  trip  end  values  are  used  as  a  service 
benefit  measure  all  early  choices  follow  a  western  route  (Figure  87-B). 
Only  the  fifth  choice,  exceeding  the  first  choice  by  about  l6  percent, 
follows  an  eastern  route.  The  trip  end  values  are  believed  the  best 
measure  for  the  service  benefit  factor  and  were  accordingly  used  extens- 
ively in  the  following  four  and  five  factor  studies. 

Interactions  become  apparent  when  the  relative  importance  of  the 
various  factors  is  adjusted.  If  either  the  earthwork  costs  factor  or  the 
right  of  way  acquisition  costs  factor  is  given  added  weight  (See 
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Figure  88-A  and  88-B)  then  a  western  route  is  favored.  As  shown  in  Figure 
89-A,  giving  the  pavement  construction  cost  factor  added  importance 
causes  an  eastern  route  to  become  almost  as  attractive  as  the  western 
route.  This  condition  remains  essentially  constant  even  if  the  earthwork 
construction  costs  are  also  raised  in  importance,  as  shown  in  Figure  89-B. 

In  order  to  determine  what  importance  had  to  be  attached  to  the 
service  benefit  before  an  eastern  route  became  attractive,  several 
analyses  were  made  with  the  trip  ends  measure  of  the  service  benefit 
factor  raised  to  strong  precedence.  The  results  are  shown  in  Figure  90-A. 
The  eastern  route  never  became  preeminent  under  these  conditions,  while 
raising  the  importance  of  the  right  of  way  acquisition  cost  factor  quickly 
negated  any  tendency  to  raise  the  relative  worth  of  the  eastern  route 
(see  Figure  90-B). 

A  western  route  is  favored  a  five  factor  study  with  all  factors 
given  equal  weights;  only  the  fifth  choice  selects  an  eastern  route. 
When  the  trip  ends  measure  of  the  service  benefit  factor  is  raised  to 
strong  preeminence  the  western  route  remains  popular.  However  the  second 
alternative  now  goes  into  the  heart  of  the  Lafayette  metropolitan  area, 
while  the  fourth  choice  follows  a  more  easterly  route. 

Figure  91-A  shows  the  alternatives  generated  for  what  the  author  be- 
lieves is  the  most  realistic  weighting  of  the  five  factors  for  the 
northern  test  area.  This  weighting  of  the  five  factors  shows  the  western 
route  to  be  preferred.  Out  of  the  total  location  valuation  scheme,  80 
percent  is  given  to  first  costs  and  20  percent  to  benefits.  The  costs  are 
divided  into  two  parts;  right  of  way  acquisition  costs  equalling  kO 
percent  and  construction  costs  equalling  kO  percent.  Construction  costs 
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are  equally  divided  into  earthwork  costs  (20$.)  and  pavement  construction 
costs  (20$).  The  benefit  measure  is  equally  divided  between  serving 
travel  demand  as  measured  by  trip  end  data  (10$),  and  non-duplication  of 
facilities  (10$).   Figure  91 -B  shows  a  computer  generated  contour  map 
of  this  utility  surface. 

Results  of  Analyses  for  the  State  Road  k~$   Route 
Figure  92-A  shows  the  alternatives  generated  when  the  factors  of 
earthwork  cost  and  pavement  construction  cost  are  weighted  equally.  The 
distribution  of  granular  soils  continues  to  affect  the  results.  The  first 
choice  follows  Wea  Creek  to  the  Wabash  valley,  then  travels  along  the 
terraces  until  east  of  Battle  Ground  before  finally  swinging  north  and 
west  to  the  destination.  The  second  choice  quite  closely  follows  the 
present  State  Road  U3  alignment.  The  third  choice  is  similar  to  the 
first  although  it  is  not  as  long  since  it  passes  west  of  Battle  Ground. 
The  fourth  choice  passes  east  of  Lafayette  then  is  intermediate  to  choices 
one  and  three.  The  fifth  choice  travels  far  to  the  east  and  follows 
Wildcat  Creek. 

Figure  92-B  shows  the  alternatives  generated  when  the  right  of  way 
acquisition  cost  factor  is  added  to  the  first  two  factors.  The  generated 
routes  now  tend  to  avoid  populated  areas.  Choices  one,  three,  and  five 
favour  eastern  routes.  Each  defines  a  unique  alternative  however.  The 
third  choice  differs  from  the  first  choice  by  less  than  nine  percent; 
however  the  fifth  choice  is  over  twenty  percent  greater  than  the  first 
choice.  Choices  two  and  four  define  a  single  western  route  that  follows 
Wea  Creek  to  the  Wabash  valley  then  trends  northeast  to  the  destination. 
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If  the  relative  importance  of  the  three  factors  is  'changed,  differ- 
ent alternatives  are  generated.  Figure  9J>th   shows  the  results  generated 
when  the  pavement  construction  cost  factor  predominates,  Figure  93-B 
shows  the  generated  alternatives  when  the  right  of  way  acquisition  cost 
factor  predominates.  In  Figure  93-A  all  alternatives  tend  to  follow 
granular  outwash  soils  as  much  as  possible.  Several  alternatives  pass 
through  the  populated  portions  of  Lafayette  or  West  Lafayette  while 
following  the  terrace  deposits  along  the  Wabash.  Other  alternatives 
follow  Wildcat  Creek  or  Wea  Creek.  When  the  right  of  way  cost  factor 
predominates,  as  shown  in  Figure  93-B,  alternatives  are  divided  between 
an  eastern  and  a  western  corridor.  These  are  similar  to  the  routes  shown 
in  Figure  92-B,  however  the  alternative  corridors  are  now  more  sharply 
defined  than  in  the  earlier  analysis.  This  is  especially  true  for  the 
eastern  corridor. 

Figure  9^-A  shows  the  alternatives  generated  for  four  equally 
weighted  factors;  earthwork  cost,  pavement  construction  cost,  right  of 
way  acquisition  cost  and  the  service  benefit  factor,  measured  by  the  trip 
ends  distribution.  The  first  three  choices  all  pass  through  the  center 
of  the  Lafayette  metropolitan  area.  The  second  choice  lies  to  the  east 
of  the  first  and  third  choices  which  quite  closely  follow  the  present 
State  Road  hj>   alignment  over  most  of  its  length.  The  fourth  choice 
defined  an  eastern  route,  while  the  fifth  choice  defines  a  western  bypass. 

If  the  importance  of  the  service  benefit  factor  is  raised,  the 
choices  are  generated  as  shown  in  Figure  9^-B.  All  five  choices  define  a 
series  of  closely  spaced  north-south  trending  alternatives.  All  choices 
are  about  equal;  the  fifth  choice  is  only  108  percent  of  the  first  choice. 
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Although  not  shown,  increasing  the  importance  of  the  right  of  way  acquis- 
ition cost  factor  causes  the  generated  alternatives  to  move  out  from  the 
densely  populated  areas. 

Figure  95  shows  the  alternatives  generated  for  five  factors  weighted 
in  what  is  believed  to  be  a  realistic  manner  for  the  conditions  prevail- 
ing in  the  northern  test  area.  The  factors  and  weights  are:-  earthwork 
cost  (20$),  pavement  construction  cost  (20$),  right  of  way  acquisition 
cost  (40$),  trip  end  service  (10$),  and  non-duplication  of  facilities 
(10$).  This  is  the  same  weighting  as  shown  for  the  US  52  alignment  in 
Figure  91-A. 

The  first,  third,  and  fifth  choices  define  eastern  routes;  the 
second  and  fourth  choices,  western  routes.  Each  choice  defines  a  dis- 
tinct alternative.  The  second  and  third  choices  are  considerably  shorter 
than  the  other  alternatives.  The  fifth  choice  exceeds  the  cost  of  the 
first  choice  by  over  twenty-one  percent. 

Evaluation  of  Alternatives 

The  final  analyses  for  both  the  US  52  and  State  Road  43  routes  are 
shown  in  Figures  91-A  and  95.   Figure  91-B  shows  the  utility  surface 
analyzed  for  both  these  routes.  The  generated  alternatives  for  each 
route  were  evaluated  to  determine  if  le-ordering  the  alternatives  was 
necessary  to  reflect  route  dependent  factors. 

The  five  alternatives  generated  for  the  US  52  route  (see  Figure  91-A) 
closely  parallel  one  another.  Except  in  the  southeast  where  choices 
three  and  four  diverge  from  the  others,  a  single  corridor  is  identified. 
The  alternatives  are  approximately  the  same  length;  three  are  42  links 
long  and  two  are  kk   links  long.  Thus  under  these  circumstances  no 
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FIGURE    95.   NORTHERN    TEST    AREA 
FINAL     GENERATED     MULTIPLE 
FACTOR     ALTERNATIVES. 
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re-ordering  of  alternatives  is  believed  necessary.  More  detailed  analysis 
should  be  directed  to  the  corridor  containing  all  these  alternatives. 

The  five  alternatives  generated  for  the  State  Road  k3   route  shown 
in  Figure  95  suggest  several  distinctly  different  choices.  The  lengths 
range  from  a  low  of  k2   links  for  choice  number  three  to  a  high  of  5^  links 
for  choice  number  five.  Some  re-ordering  is  thus  believed  desirable.  The 
second  choice  cost  exceeds  the  first  choice  cost  by  5. 5  percent  yet  its 
length  is  12  percent  less  (kk   links  to  50  links).  Similarly  the  third 
choice  cost  is  14.3  percent  more  than  the  first  choice,  yet  it  is  l6 
percent  shorter  (k2   links  to  50  links).  The  lengths  of  the  fourth  and 
fifth  choices  equal  or  exceed  the  length  of  the  first  choice. 

As  discussed  in  Chapter  V,  shorter  routes  are  generally  more  desir- 
able than  longer  ones.  The  relative  importance  of  distance  and  first 
cost  depends  on  the  relative  importance  of  the  route-dependent  and  route- 
independent  factors.  If  they  are  assumed  to  have  equal  importance  the 
State  Road  1+3  alternatives  should  be  re-ordered  as  follows:-  (l)  choice 
two,  (2)  choice  three,  (3)  choice  one,  (1+)  choice  four,  and  (5)  choice 
five.  Different  ordering  would  result  if  different  relative  importance 
was  attached  to  the  two  classes  of  factors. 
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CHAPTER  VII 
CONCLUSIONS  AND  RECOMMENDATIONS 

Conclusions 
This  project  undertook  an  evaluation  of  new  regional  highway  loca- 
tion procedures;  in  particular,  the  role  of  the  digital  computer  in  the 
preliminary  phases  of  the  design  process.  Based  on  the  results  obtained 
at  two  test  areas  in  Indiana  it  is  concluded  that: 

1.  Computer-aided  regional  highway  location  procedures  can  assist 
design  engineers  in  generating  and  evaluating  alternative 
locations. 

2.  The  Generalized  Computer-Aided  Route  Selection  (GCARS)  System 
developed  in  this  project  forms  a  prototype  system  which  includes 
three  basic  subdivisions  that  must  exist  in  all  similar  systems. 
The  subdivisions  are  defined  as  "activities"  and  are  called  (a) 
the  data  preparation  activity,  (b)  the  search  activity,  and 

(c)  the  selection  activity.  These  activities  require  decisions 
from  the  design  engineer;  the  computer  is  programmed  to  store, 
analyze,  and  retrieve  data  so  as  to  enhance  the  decision-making 
capabilities  of  the  design  engineer.  Therefore,  the  system 
includes  two  partners,  the  design  engineer  and  the  computer,  and 
effective  and  convenient  man-to-machine  and  machine-to-man 
communications  must  be  provided. 
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3.  There  are  two  classes  of  highway  location  factors;  those  that 
can  be  studied  without  first  defining  a  route,  and  those  that 
can  only  be  studied  with  reference  to  defined  alternatives. 
The  former  are  termed  "route -independent  factors;"  the  latter, 
"route  dependent  factors."  Route -independent  factors  can  be  used 
to  generate  a  preliminary  set  of  alternative  locations,  which 
can  be  modified  with  reference  to  the  route -dependent  factors. 

k.     In  regional  highway  location  studies  there  are  four  important 
route-independent  factors:   (l)  an  earthwork  cost  factor;  (2)  a 
pavement  construction  cost  factor;  (3)  a  right  of  way  acquisition 
cost  factor;  and  (k)   a  service  benefit  factor.  Different  factors 
should  be  studied  in  connection  with  other  forms  of  transporta- 
tion. Information  on  each  factor  can  be  obtained  from  a  "mea- 
sure" for  the  factor.  Measures  must  be  progressively  trans- 
formed to  "values"  and  "utilities".  Values  define  the  factor 
in  terms  of  costs  or  benefits;  benefits  being  considered  the 
inverse  of  costs.  Utilities  are  standardized  and  transformed 
values  so  that  minimum  path  analysis  may  be  performed. 

5.  Topographic  maps  form  a  suitable  measure  of  the  earthwork  cost 
factor.  Engineering  soils  maps  can  be  used  as  measures  of  the 
pavement  construction  cost  factor.  Land  use  data  obtained  by 
interpretation  of  aerial  photographs  is  an  adequate  measure  of 
the  right  of  way  acquisition  cost.  Population  or  trip  end  data 
and  the  distribution  of  highway  facilities  can  be  used  as  measures 
of  the  service  benefit  factor. 
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6.  Several  numerical  surface  analysis  procedures  have  important 
applications  in  the  GCAPS  System.   Vector  analysis  procedures 
are  useful  in  classifying  terrain  and  thus  help  determine  suit- 
able sampling  procedures  for  topographic  data.  Trend  surface 
analysis  is  an  important  method  of  checking  sampled  values  for 
accuracy  and  lack  of  bias.  Trend  surface  analysis  also  has  a 
special  use  in  transforming  elevation  data  to  earthwork  cost 
values,  through  the  use  of  residuals.   Surface  comparison  pro- 
cedures give  objective  measures  of  similarity  between  different 
values  of  the  same  or  different  factors.  Weighted  moving 
average  procedures  estimate  gridded  values  from  irregularly 
sampled  data.  These  can  define  value  and  utility  surfaces  and. 
are  important  in  the  development  of  utility  networks. 

7.  Computer  generated  graphic  displays  are  an  extremely  important 
form  of  machine-to-man  communication.  Contour  maps  produced  on 
the  printer  as  part  of  the  program  output  are  the  cheapest, 
fastest,  and  most  convenient  form  of  graphical  output  developed 
so  far.  Maps  produced  on  special  plotters  are  useful  for  more 
careful  study  of  critical  situations  and  for  the  development  of 
final  report  illustrations. 

8.  Utility  networks  are  defined  from  a  series  of  gridded  utility 
surface  quantities.  The  grid  spacing  must  be  appropriate  to  the 
level  of  the  analysis  within  the  highway  planning  hierarchy; 
generally  this  means  that  the  grid  spacing  should  not  exceed 
the  desired  width  of  the  alternative  Bands,  Corridors,  or  Poutes 
being  generated. 
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9-  Generation  of  alternatives  in  terms  of  single  route-independent 
factors  is  accomplished  by  constructing  a  unique  utility  surface 
for  each  factor,  determining  a  suitable  utility  network,  and 
repeatedly  analyzing  it  by  minimum  path  analysis  procedures. 

10.  Generation  of  multiple  factor  alternatives  is  possible  if  a 
combined  utility  surface  is  constructed  by  summing  the  individual 
utility  surfaces  for  each  factor,  determining  a  suitable  utility 
network,  and  repeatedly  analyzing  it  by  minimum  path  analysis 
procedures. 

11.  Factors  can  be  combined  in  varying  proportions  by  multiplying 
the  utilities  of  the  factors  by  appropriate  weighting  functions 
and  then  summing  the  products.  Repeated  analysis  of  groups  of 
factors  combined  in  different  relative  weights  allows  the  design 
engineer  to  identify  and  evaluate  interactions  between  and  among 
the  various  factors. 

12.  The  prototype  GCARS  System  performs  minimum  path  analysis  on 
utility  networks  which  can  be  stored  and  analyzed  by  the  computer 
in  their  entireties.  Thus  even  with  comparatively  large  computer 
systems,  such  as  the  CDC  6500  configuration  installed  at  Purdue 
University,  the  maximum  size  of  the  utility  networks  that  can  be 
studied  is  approximately  1200  nodes  and  4-800  links,  correspond- 
ing to  a  30  by  k-0  utility  matrix.  Analysis  of  larger  networks 
would  require  their  decomposition  into  sub-networks.  Implementa- 
tion of  network  decomposition  procedures  into  the  GCABS  System 
requires  further  study. 


265 


13-  The  alternatives  generated  in  response  to  the  route -independent 
factors  by  the  GCARS  System  can  be  evaluated  with  respect  to 
appropriate  route-dependent  factors  by  the  design  engineer. 
Re-ordering  of  the  alternatives  to  reflect  both  classes  of 
factors  results  in  the  identification  of  the  relative  advantages 
of  each  alternative. 

* 

Recommendations 
During  the  evaluation  and  development  of  the  prototype  GCARS  System, 
a  number  of  potential  applications  and  research  problems  become  apparent 
which  were  beyond  the  scope  of  the  current  project.  Accordingly  they  are 
included  in  the  following  recommendations  for  further  study: 

1.  A  program  should  be  initiated  to  compare  the  established  data 
collection  and  analysis  procedures  utilized  by  various  highway 
planning  authorities  with  the  data  requirements  of  the  GCARS 
System.  Appropriate  plans  to  implement  the  GCARS  System  into 
routine  highway  planning  procedures  cannot  be  developed  until 
such  a  study  is  completed. 

2.  Consideration  should  be  given  to  "field  testing"  the  GCARS 
System  by  applying  it  to  actual  regional  transportation  problems. 
A  variety  of  problems  should  be  utilized.  The  use  of  a  GCARS 
System  approach  to  the  analysis  of  regional  transportation  plans 
in  developing  countries  should  not  be  overlooked. 

3.  Modifications  to  the  prototype  GCARS  System  should  be  developed 
to  make  it  more  suited  to  the  large  volumes  of  data  likely  to  be 
encountered  in  full  scale  applications.  The  modifications  are 
needed  in  the  following  areas:   (a)  data  storage  and  handling 
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procedures;  and  (b)  minimum  path  analysis  of  very  large  networks. 

The  prototype  GCAJtS  System  utilizes  machine-punched  cards 
for  much  of  the  required  intermediate  data  storage.  This  be- 
comes unwieldy  with  very  large  data  sets,  and  thus  the  system 
needs  to  be  modified  to  allow  intermediate  data  storage  on  mag- 
netic tape  or  disc  packs. 

Analysis  of  large  networks  requires  their  decomposition  into 
sub-networks.  Such  procedures  have  been  developed  but  further 
research  is  required  before  these  can  be  implemented  into  the 
GCARS  System  analyses. 
k.     New  types  of  computer-generated  graphic  displays  should  be  in- 
vestigated for  possible  implementation  into  the  GCARS  System. 
Procedures  for  producing  isometric  drawings  of  the  value  surfaces 
would  be  especially  desirable.  New  devices,  such  as  cathode  ray 
tube  display  units,  are  constantly  being  developed  and  may  pro- 
duce superior  displays  at  lower  costs. 

5.  Studies  should  be  undertaken  to  determine  if  several  factors  can 
be  evaluated  directly  from  aerial  photography.  The  prototype 
GCARS  System  used  mapped  data  as  measures  of  the  various  factors. 
Many  of  these  maps  were  originally  developed  by  photointerpreta- 
tion  and/ or  photogrammetric  procedures.  Thus  direct  extraction 
of  the  data  from  photography  might  prove  to  be  more  efficient. 

6.  Application  of  the  GCARS  System  should  be  undertaken  in  urban 
areas  for  which  land  use  data  banks  have  been  or  are  being 
developed.  It  appears  probable  that  the  system  could  satisfact- 
orily analyze  urban  transportation  alternatives  when  such 
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improved  source  data  are  available. 

7-  A  research  project  should  be  designed  to  study  the  interactions 
between  a  GCARS  System  and  land  use  development  and  traffic 
estimation  models.  A  variety  of  suitable  simulation  models 
have  been  developed  by  various  metropolitan  transportation 
planning  agencies.  A  combined  system  would  allow  the  GCARS 
System  to  generate  alternative  designs,  while  the  simulation 
model  could  test  the  long  term  effects  of  each  alternative. 
Such  an  approach  would  allow  the  design  engineers  to  select  the 
best  alternative  in  terms  of  both  immediate  and  long  term  effects, 

8.  The  GCARS  System  approach  should  be  evaluated  for  other  forms  of 
transportation  or  for  communication  networks.  Identification  and 
evaluation  of  suitable  factors  would  be  required  in  each  case . 
However  it  seems  probable  that  studies  of  pipelines,  electrical 
transmission  lines,  railroads,  and  canals  would  be  of  great 
value . 
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